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1 
S U Ivi lVl A R Y 
Radiation exchange is an important factor in the thermal 
environment of building and ground surfaces. During daytime 
these· surfaces receive a substantial amount of energy from 
the Sun in the form of solar radiation. In addition to this, 
another component of energy input is also received, of smaller 
amount but continuously day and night, from the sky and near-
by objects around these surfaces, in the form of long wave-
length radiation. At night-time, this source of input isnor-
mally not enough to compensate for the outgoing radiation 
from building and ground surfaces, resulting a net radiation 
loss to the sky. 
In the first part of this investigation, the aims were 
to study the long wave radiation from Sky and devise a simple 
instrument to measure this component of heat exchange with 
some trial measurements under Christchurch conditions. The 
study was carried out in two ways: 
1. To study the analytical approach which leads to the 
theoretical estimation of sky radiation by Elsasser's and 
others'charts. 
2. To review the experimental approach which introduces 
the methods of sky radiation measurement and the empirical 
formulae proposed by some observers to estimate this radiation 
input from meteorological soundings. 
A simple radiometer was made which enables the sky radia-
tion and hence the heat loss by radiation from any surface of 
known temperature to be estimated. 
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A series of trial measurement at night and daytime under 
Christchurch weather conditions were carried out with this ra-
diometer. The results gave good examples of the variation of 
sky radiation corresponding to air temperature and sky cloudi-
ness conditions. Quantitatively, the amounts of sky radiation 
estimated from some measurements were 25%to 30% higher than 
the values calculated by the empirical formulae at the same 
conditions due to systematic error. For some other measure-
ments of different method the results are close to Swinbank's 
empirical formula R1 = 1.195 rT! - 17.09 • Analysis showed 
that this formula may be applied for all cases if the system-
atic error is eliminated. Modification for the radiometer and 
precautions necessary to improve the accuracy of measurement 
are also proposed. 
The sec-ond part of this investigation is concerned with 
the solar radiation cumponent. It consists of: 
1. A brief investigation of solar radiation data for 
Christcburch through literature and records of Meteorological 
Offices. 
2. A study on the performance of a common type flat plate 
solar water heater under Christchurch weather conditions. 
Mean radiation data for Christchurch in the last 5 years 
are presented and cmmpared with the standard year solar radia-
tion values proposed earlier. Sources of information for these 
data are located and the method to estimate radiation intensity 
on inclined surfaces is also presented. 
Tests were carried out during the last 3 months of 1973 
to measure the energy collection and efficiency of operation 
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for a solar water heater under Christchurch conditions. 
Results are presented in forms of tables and graphs to show 
some examples of the variation in energy collection, effi-
ciency of operation and water temperature with weather con-
ditions. 
Estimation for whole year contribution potential based 
on the test results was also given with some recommendations 
of angles of inclination for more possible collection. 
I N: T R 0 D U C T I 0 N 
In thermal environmental engineering, various methods 
of heating, ventilating and air-a..onditioning are used to 
maintain the indoor c.ondi tions of temperature, humidity and 
air movement at some desired levels to provide comfortness 
for different types of occupan~s. 
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One factor in the variation of temperatures of the in-
side surfaces of any covered space is the temperature of the 
outer surfaces. These outer surfaces continuously exchange 
heat with the surroundings, the two most important modes of 
heat exchange are convection and radiation. 
During daytime, any surface on the Earth receives some 
amount of radiation from the Sun, the Sky and nearby objects 
around the surface. To maintain equilibrium, these surfaces 
in turn re-radiate energy due to their temperatures and also 
exchange heat by convection with the air sti"Team in the atmos-
phere. An illustration of these modes of heat transfer is 
shown in Fig. I • 
Considering the radiation exchange only, the 5 main 
factors in order of importance are: 
1. Direct ehort wave radiation from the Sun. 
2. Diffuse short wave radiation from Sky. 
3. Reflected; short wave radiation from ground and 
surroundings. 
4. Long wave radiation from Sky, heated ground and 
nearby objects. 
5. Outgoing long wave radiation from building and 
ground surfaces to the Sky. 
/ 
Long wave 
Sky Radiation Short wave 
Solar Radiation 
Wind> 
Radiation from surface 
I represents long wave radiation 
/. represents short wave radiation 
~ represents convection transfer 
~ represents conduction transfer 
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Eig.I Modes of Heat Transfer in thermal environment 
of Building and Ground 
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At night-time, with the absence of solar radiation, the 
incoming long wave radiation from Sky and surroundings are 
usually not enough to compensate for the re-radiation from 
ground and building surfaces resulting in a cooling effect. 
This radiation heat loss is intensive under some weather con-
ditions. 
About 96% of the energy from the solar radiation is 
concentrated in the short wavelengths from 0.4 to 4~. Ra-
diation from the Sky or any surface due to their temperatures 
is in the region '7 4 p-in wavelengths. Therefore solar radia-
tion is usually referred as shortwave radiation and the other 
is called long wave radiation. 
The atmosphere above the Earth, besides its vital role 
of supplying oxygen, acts as a necessary moderator for the 
radiation exchange between the Earth and the outer space. 
Without it, the Earth will be unbearable hot during daytime 
due to solar radiation and excessively cold at night due to 
nocturnal radiation. The term nocturnal radiation refers to 
the long wave radiation to the cold night sky from surfaces 
on the Earth. 
A surface at the outer edge of the atmosphere receives 
2 cal/cm2min if placed at right angle to the solar beam. This 
value is termed the Solar Constant. Only 0.3 to 0.8 of this 
amount can be received by the Earth surface due to the pre-
sence of the atmosphere. The heat loss at night due to ra-
diative c:ooling effect depends very much on the sky conditions 
over the place and amounts up to about 0.4 cal/cm2min for 
cloudless sky. 
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Solar radiation is the vital source of energy for the 
li.fe on the Earth so that much attention have been paid to it 
while long wave radiation on the other hand has not been well 
studied because of its apparently less importance and alsothe 
difficulty of isolating it from other transfers. Studies of 
long wave radiation exchange have been done mostly by meteo-
rologists who are interested in the change and predic~ion of 
weather conditions, the heat balance of the Earth as well as 
the prediction of frost cover on ground surfaces. In the 
engineering and architectural fields, the usefulness of the 
knowledge of sky radiation and radiative cooling, such asfor 
heating and cooling load calculations, building designs and 
natural air-conditioning application, has also been mentioned. 
Solar radiation has long been considered as an important 
source of energy in the future as traditional sources such as 
coal and oil becrome depleted and more expensive. Up to date, 
the contributions of solar energy and the other sourc_es such 
as wind, geothermal fields, nuclear power are still small corn-
pared with the traditional sources. 
Since the reduction of oil production from late 1973, 
the energy shortage in the world is now more serious than ever. 
Research to utilize other alternative sources are being 
initiated or revised in many places. 
In New Zealand, which is experiencing a recurrent winter 
shortages, there is revived interest in promoting research 
to study increased utilization of other sources of energy 
available here, solar radiation is one to he mentioned. 
The initial purpose of this research was to deal with 
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long wave radiation study and to have some trial measurement 
at Christchurch. However, along with the trend mentioned 
above, solar radiation and the application of it to water 
heating was included as a starting point for more intensive 
research of the utilization of solar energy to be carried out 
by the Mechanical Engineering Department in the c_oming years. 
Therefore the study of thermal radiation exchange bet-
ween the Sun and Sky,and the Earth, in this particular case, 
is comprised of two parts: 
Part I: Study of long wave radiation from Sky and 
trial measurement under Christchurcr.h weather 
conditions. 
Part II: Study of solar radiation and the performance 
of a flat plate solar water heater under 
Christc:hurch weather o:ondi tions. 
PART I 
STUDY OF LONG:WAVERADIATION FROM THE SKY AND TRIAL 
MEASUREMENT UNDER CHRISTCHURCH 
WEATHER CONDITIONS 
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NOMENCLATURE 
A area of the sensing plate , cm2 
~s' c<L absorptivity of the sensing surface for short wave 
and long wave radiation 
c 
c 
e 
convection coefficient , cal/cm2°Chr 
conduction component of heat transfers 
water vapour pressure , mb (milli-bar) 
effective emissivity of the atmosphere 
emissivity of the sensing surface 
radiation flux of a black body , cal/cm2hr 
radiation flux of an isothermal layer in the atmosphere 
cal/cm2hr 
relative humidity of the air 
convection component of heat transfer 
wind coefficient , cal/cm2hr°C 
transmitted radiation intensity , cal/cm2 
incident radiation intensity , cal/cm2 
absorption coefficient of a gas 
1 generalized absorption coefficien~ for all wavelengths 
p air pressure , mb( millibar) 
p0 standard air pressure = 1000 mb 
Q electrical heat input , mW/cm2 
r 
T(u) 
correlation coefficient of curve fitting 
net radiation loss from a surface , mW/cm2 
black body radiation at air temperature , mW/cm2 
long wave radiation incoming from the Sky , mW/cm2 
long wave radiation obtained by a vertical surface , 
mW/cm2 
short wave solar radiation , mW/cm2 
long wave radiation from Sky estimated from obtained 
data , mW/cm2 
air temperature , °C ( °K ) , also t and T 
temperature of the sensing plate , 0c (°K) 
transmission coefficient for short and long wave 
radiation (of the cover system of the radiometer) 
general transmission function of water vapour 
v 
'l 
At 
(.0 
z 
transmission coefficient of an air layer 
wet bulb temperature of air , 0c 
optical thickness of water vapour in the atmosphere 
g/cm 
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overall heat transfer coefficient of the back insulation 
in the radiometer , W/m20c or mW/cm20c 
voltage of the extra heating 
efficiency of electrical heating 
temperature difference ,°C 
specific humidity of water vapour in the air , g (gramme) 
height of the measuring site abo.ve sea level , m 
zenith distance (angle from overhead direction) , degree 
CONSTANT AND CONVERSION FACTORS 
~ = Stefan-Boltzmann constant = 5.67 x 10-9mw/cm2°K4 
1 cal/cm2hr = 11.6 W/m2 = 1.16 mW/cm2 
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CHAPTER I LONG WAVE RADIATION FROM THE SKY: 
ANALYTICAL APPROACK 
In a radiation heat transfer problem, the intensity of 
the sources involved must be known. For long wave radiation 
exchange occuring in the atmosphere, the temperatures of the 
radiating surfanes on the Earth can be measured quite easily 
and accurately so that the outgoing radiation can be calcu-
lated from the Stefan-Boltzmann Law. The problem then lies 
in the question of how much long wave radiation,is coming 
from the Sky or what is the effective radiant temperature of 
the Sky. 
0 " ) ) Angstrom (1 1915, Simpson (2) 1928, Brunt (3 1929 and 
several other meteorologists did early studies of this pro-
blem, but the most extensive study was that of Elsasser in 
1942 (4) • He reviewed those earlier studies and analysed 
the nature of this long wave sky radiation which lead to 
methods of calculating this radiation intensity from meteoro-
logical measurements. 
1.1 COMPONENTS OF SKY RADIATION 
The principal constituents of the atmosphere covering 
the Earth consist of oxygen, nitrogen, water vapour, carhon 
dioxide, carbon monoxide, ozone and dust particles. Among 
these substances the most important constituents taking part 
in the radiation exchange between the Earth and the Sky are 
water vapour, co2 and o3 • 
The molecules of these substances reflect and transmit 
part of the incoming radiation from other sources, the rest 
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of these radiation are absorbed in the molecules, raising 
their temperatures, and radiation is then emitted back to the 
surroundings. 
The distribution of these particles in the atmosphere 
is random, therefore this long wave radiation from the sky 
has a diffuse characteristic. 
ffBcause of the low temperature of these particles, their 
self-emission is negligible and the radiation from them is 
due entirely to the absorption of incident radiation from 
other sources. Therefore at wavelengths where these sub-
stances show strong absorption, the radiation from them is 
also most intense, so that their emissivity is practically 
equal to their absorptivity. The absorption coefficients of 
the 3 main substances in the atmosphere are shown in Fig. 1.1. 
It can be seen from this diagram that the absorption coef-
ficients are usually high f~or wavelengths ;:> 4 ~ except in the 
region from 8 to 12r- where there is very weak absorption by 
water vapour and C02 • This region is called the "window" of 
the atmosphere where radiation from the Earth surfac:e is 
freely lost to the outside sky. The relative importance of 
eacrh of the 3 main substances in long wave radiation emission 
can also be seen. The most important one is water vapour. 
1.2 ABSORBTIVITY OF WATER VAPOUR 
The schematic view of the absorption spectrum of water 
vapour and co2 is shown in Fig. 1.2 • This spectrum consists 
of numerous narrow strips of intense absorption called spec-
tral lines. There are several hundred lines in the water 
vapour spectrum alone. 
Spectral 
emittance 1.0 
0.8 
0.6 
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Fig. 1.1 Absorption( emission ) coefficients of 
three main constituents in sky radiation 
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Fig. 1.2 Absorptivity spectrum of H20 and co2 
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The strongest ablorption of water vapour is concentrated 
in 2 portions: one near the 6 JA-' and one at wavelengths >" 18 J'L'. 
According to Elsasser (4), a homogeneous beam of radia-
tion is absorbed in a medium of thickness u according to the 
law: 
where I 
Io 
k 
= 
== 
= 
I = I 0 exp(-ku) 
transmitted radiation intensity 
incident radiation intensity 
absorption coefficient 
This equation hold's generally for mono-chromatic radia-
tion (i.e. single wavelength radiation). If the radiation is 
a mixture of wavelengths, k must be a function of wavelengths 
and the transmitted intensity is the integral of the above 
equation over the whole wavelengths. 
In this case, a general transmission function T(u) is 
defined as the ratio I/I 0 with I, I 0 are intensities inte-
grated over the whole wavelengths. For water vapour absorp-
tion spectral lines, Elsasser (4) arra~ged those lines in 
groups and smoothed the spectrum to give an approximate ana-
lytical expression for the mean transmission due to a group 
of lines as follows: 
T(u) = - f6 ( ~~/2) 
where f6(x) is a statistical function, equals 
The constant l,called the generalized absorption coef-
ficient, has the same effect as the absorption coefficient k 
and it measures the intensity of abs.o:pption due to the group. 
The numerical values of 1 for each group can be found from 
the absorption curve for water vapour at all wavelengths. 
Fig'. 1. 3 extracted from Ref. ( 4) shows values of 1 for 
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Fig, 1.3 Generalized absorption coefficient 1 
for water vapour 
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different wavelength A . 
The optical thickness u measures. the amount of water 
vapour in the path of a radiation ray. The absorption de-
pends only on the total mass of water vapour enc.ountered by 
the radiation rays not on the way in which this water is dis-
tributed along the path. 
It is known that the absorption of a constituent in a 
mixture depends on its temperature, partial pressure, optical 
thickness and the total pressure of the mixture ( 5·) • For 
water vapour in atmosphere, Schnaidt (6) found that its ab,_ 
sorptivity is proportional to the square root of air pressure. 
This result was later c.onfirmed by Strong's experiments (7) • 
With such dependence of absorptivity, the optical thick-
ness of water vapour in the atmosphere in vertical direction 
is given by: 
(1.2) 
where g = acceleration of gravity 
p = air pressure at the point in mb 
Po = standard pressure 1000mb 
w = specific humidity 
There is also a small variation of the absorptivity of 
water vapour with temperature. This variation was calculated 
by Elsasser and found to be very small so that the absorption 
of water vapour can be considered independent of temperature. 
Fig. 1.3 also shows this small variation of 1 withtemperature. 
Therefore for any thickness u of the water vapour layer 
the transmission coefficient can be computed for any group of 
spectral lines giving the total transmission for the whole 
spectrum. 
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1.3 RADIATION FROM WATER VAPOUR CO~~ONENT 
Consider a black body surface and an adjacent isothermal 
layer of absorbing substance thickness u, transmission coef-
ficient Tf, being in an equilibrium condition under a common 
temperature T. The radiation flux from the l:r>lack body surface 
is fb. B)Y" Kirchhoff's Law the absorbing layer transmits an 
amount fbTf and absorbs (1-Tf) fb' it must therefore emit a 
flux of equal amount (1-Tf) fb. If fiso is the radiation flux 
from the isothermal layer, then 
f. = (1 - Tf) fb' J.SO (1.3) 
Now assume that in the atmosphere at some level whic:h 
has a layer ofLwater vapour optical thickness u helow it, 
there is a thin sheet of moist air having thickness du. As-
sume also that the temperature of the air layer from the 
ground to that thin sheet of moist air is the same at T. From 
equation (1.3) the radiation flux from the thin layer du is: 
df. = J.SO 
dTf 
- f - du b du (1.4) 
where fb is the radiation flux fvom the ground transmitted 
through the water vapour layer u. 
df. is the radiation flux from the thin sheet which 
J.SO 
actually reaches the ground without being re- ,, 
absorbed in layer u. 
In order t·o compute the total flux, the atmosphere is 
assumed to consist of an infinite numb:ers of thin sheets water 
vapour and equation ( 1. 4) is integrat,ed over the whole thick-
ness of the atmosphere and over the whole wave~engths of the 
water vapour absorption speQtrum. 
Henc:e total incoming flux from the sky due to water vapour 
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can be calculated by: 
(1.5) 
Although this equation can give a theoretical estimation 
of the radiation from water vapour Qomponent in the atmos-
phere the calculations are lengthy and require data of the 
vertical distribution of air temperature, pressure and humi-
dity. 
1.4 RADIATION FROM CARBON DIOXIDE AND OZONE 
After water vapour, co2 is the next important component 
in sky radiation. It has 3 absorption bands in the long wave-
length region, the most intense band is concentrated at 15 f 
region (Fig. 1.2). Although the absorption at 4fis also 
strong, the portion of the black body radiation at normal tem-
perature in the atmosphere is small in this region so that the 
emission of co2 in wavelength near 4 fL is only important for 
high temperature. The absorption at lOf is small, as the 
case of water vapour, and can be neglected, producing the win-
dow region in the atmosphere absorption spectra. 
The analysis made for water vapour can also be applied 
for C02• The procedure is somewhat simpler due to the fact 
that the co2 radiation is c·onfined to narrow band so that the 
black body flux fb may be represented by the intensity at the 
band centre. For a ·15°C black body radiation c·oming in, the 
portion of re-radiation from co2 is about 1/8 of that from 
water vapour. Fig. 1.4 extracted from a paper by Brooks (8) 
shows this radiation distribution. 
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For Ozone, Fig. 1.1 shows strong absorption of this 
substance in the region of 10~, where water vapour and co2 
has weakest absorption. However, because Ozone only appearS 
at. high altitude, its effect on the thermal radiation near 
the ground is not important and usually neglected. For ra-
diation study near the stratosphere, o3 has much more contri-
bution. 
From the above analysis, if the emissivity of each e·om-
ponent of sky radiation can be measured, the total sky radia-
tion can be estimated at any temperature from all the flux of 
each c:omponent given by equation ( 1. 5). This total is not 
simply the addition of the above 3 cumponents but a little 
smaller because each gas is somewhat opaque to the other so 
thatnot all the re-radiation can reach the earth surfacB. 
Measurement of the emissivity of water vapour and co2 
have been done by Brooks (9), Elsasser (10), Falckenberg (11) 
and several other workers. Fig. 1.5 and 1.6 are extracted 
from Elsasser's paper to show the emissivity of these two 
a:.omponents. 
Based on these results, several analytical methods have 
been proposed in the form of radiatiion charts to enabil.e sky 
radiation to be estimated from meteorological soundings. 
1.5 ESTIMATION OF LONG WAVE RADIATION FROM SKY BY CHARTS 
Three radiation crharts have been devised to help in 
solving the equation of sky radiations, however the data of 
vertical distribution of air temperature, humidity and pres-
sure are still required. These data c:an be estimated from 
temperature and pressure lapse rate in the atmosphere or by 
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Fig. 1.6 Emissivity of co2 
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direct measurements. 
Elsasser chart: Introduced in 1942, uses t as the 
independent variable (abscissa) and Q (a function of u andT) 
as ordinate. The radiation intensity is represented by areas 
enclosed by lines of c.onstant u, t and the curves representing 
the relationship between t and u in the atmosphere at dif-
ferent levels. 
Moller chart: Introduced in 1943, uses u as the abscissa 
and a variab2e quantity P (a function of u and T but different 
from Q) as ordinates. Isotherms and isopleths (lines of 
constant temperature and lines of constant moisture) are per-
manently shown on the chart. 
Yamamoto chart: Introduced in 1952, uses black body flux 
as the independent variables. The ahart is rectangular, abs-
cissa is proportional to UT 4 and ordinates are proportional 
to Q/T3 • 
The horizontal axis is normally labeled in terms of both 
precipitate water and Acos 3 where 3 equals zenith distance, 
the vertical axis is in terms of both ~ and pressure. 
With the Elsasser cnart, the initial step is to cal-
culate optical thickness u for given heights in the atmosphere 
from the values of specific humidity and pressure given in 
the soundings. These are plotted on the chart and radiation 
onming in and radiation loss are given by areas enclosed by 
these curves. 
From work at Kew, Robinson (12) found that the Elsasser 
chart gave results 6 to 14% too high for moderate amounts of 
radiation, but results corrected to ±3% for high amounts. The 
reasons for the inaccuracies are: 
1. The proportion of co2 in the atmosphere varies 
although the chart assumes it is conc::entrated in a limited 
band centre at 15ft-. 
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2. The chart ignores the effect of emission of radia-
tion by particulate matter. 
3. Elsasser's original theory made insufficient al-
lowance for the variation of emissivity of water vapour with 
temperature and assumed emissivities that are too high for 
moderate amounts of moisture but more correa.t. for larger 
amounts. 
However, Elsasser and others'charts are useful where the 
radiation at some heights in the atmosphere is required ~or 
meteorological purposes. The requirement of ~rtical dis-
tribution of air temperature and pressure restricts their 
usage as the estimation of radiation on the Earth surface for 
engineering and architectural purposes. 
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CHAPTER II LONG WAVE RADIATION FROM SKY: 
EXPERIMENTAL APPROACH 
Analytical investigations of sky radiation and the ra-
diation c:harts were not introduced, until the late 1940's • 
Before these, the problems of sky radiation and nocturnal 
0 
radiation were studied experimentally by Angstrom, Brunt and 
others. They devised instruments to measure this long wave 
radiat~on and proposed empirical formulae to fit the results 
of their observations. After the introduction of the theo-
retical analysis of sky radiation, more instruments were de-
vised to test the theory and more empirical formulae were 
proposed to give better agreement with theory and with more 
observations carried out at different places on the Earth. 
2.1 MEASUREMENT OF LONG WAVE RADIATION 
If a horizontal plate is exposed to the sky at night it 
will cool. This is the basis for most of the instruments to 
measure long wave radiation. There are 3 types of instruments 
basing on this principle: 
(a) Open type instrument with a horizontal black sur-
fac-e receiving radiation from the whole sky. 
(b) Box-type instrument in which the receiver is placed 
at the bottom of a box with a hole at the top. 
(c) The telescope type in which the rec:ei ver is located 
in the focal plane of a concave mirror. 
Types (b) and (c) can only observe a limit angle of the 
sky at a time. The radiation of the whole sky then can be 
measured by pointing the instrument to different zones of the 
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sky and taking the total with addition of some correction 
factor depending on the instrument. These types of instru-
ment are not as good as type (a) for total sky measurement 
but they are useful to obtain the distribution of sky radia-
tion over the zenith angle (zenith angle is the angle from the 
overhead direction). 
For type (a) instruments, the black surface reaeiver ex-
changesheat with the sky in the modes as shown in Fig. 2.1 • 
The components which are interested in the long wave radiation 
exchange are RP and RL • The difficulty arises as how to eli-
minate the other components. Several methods can be applied 
to reduce these to negligible amounts compared with RP and RL. 
The solar radiation Rs appears only at daytime so this can be 
avoided by using the instrument at night-time only. In cases 
where measurements at daytime are required, a solarimeter is 
normally set besides the long wave intrument to measure Rs and 
is 
thisAsubtracted from the total radiation received by the black 
surface. The convection component is rather more difficult 
to eliminate. Orte.method is to c01npensate the fall of temper-
ature of the black plate by electrical heating. The energy 
input can be known when the instrument reached the temperature 
equilibrium with the surrounding air so that no convection 
transfer occurs between the plate and the air. 
Angstrom in 1915 (1) used a radiometer consisted of four 
exactly equal thin strips of manganin, dimensions 2 em x 0.3 em. 
Two:are blackened while other two are kept reflecting. Junc-
tions of thermocouples are alternately fastened to the black 
and reflecting strips. The black strips are electrically 
heated until all strips are at the same temperature. The 
v 
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effect of wind on this instrument was found to be consider-
able i:p. spite of the heating compensation, giving a too low 
estimation of heat loss to the sky. 
Albrecht in 1928 (13) used a plate which is heated 
sucessively with 2 different currents producing the amount of 
heat Q1 and Q2 • If R is the radiative heat loss: 
Ql - R = C(tpl - tal) = C ht1 
Q2 - R = C(tp2 - ta2 ) = C ~t2 
:C is a c~efficient depending on wind velocity but it is as-
sumed to remain c-onstant during the time of measurement. 
Two equations above give the radiation heat lossR as: 
R 
Aldrich in 1922 (14) refined Angstrom instrument and de-
veloped a new instrument called the Melikeron (honey-comb) 
shown in Fig. 2.2 • The essential part was a honey-comblike 
structure made by strips of a special alloy 1.2 em wide and 
0.05 mm thick. These strips were insulated from each other 
by a shellac c:over and c-onnected in series so that the com-
pensating current would heat them homogeneously. A slanting 
mirror was placed- underneath the honey-comb to reflect the 
escaped radiation back to the strips. A hemisphere cover 
were used but there was no mention of the material for this 
cover. A removable glass hemisphere was also provided for 
solar radiation measurement. The effect of wind is much less 
for this instrument due to the hemispherical cover. 
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(ASHVE) in 1951 carried out a research of the significance 
of long wave radiation exchange on the heat load and heat 
loss calculations for building purposes (15). This was one 
of very few studies on long wave radiation with engineering·: 
purposes. ASHVE developed a type of radiometer called con-
vection compensated radiometer which based on similar prin-
ciple used by Albrecht. 
A small blower were added to ensure constant C'onvection 
coefficient C during period of measurements. A heat-flow 
meter and a seaond heater were also added to the back of the 
plate to measure and reduce the back loss. These additions 
are required because the instrument were designed to measure 
radiation at daytime as well so that the plate temperature 
could be high resulting a significant conduction loss through 
the back. Fig. 2.3 shows the main components of the ASHVE 
radiometer. 
Gier and Dunkle (16) later developed an aspirated black 
plate radiometer which can measure long wave radiation from 
the sky as well as net radiation exchange between the Earth 
surface and the sky. Fig. 2.4 shows the construction of this 
radiometer. 
It c~onsists essentially of a thermopile made of c:onstan-
tan wire wounded on a bakelite sheet and silver plated over 
half of the width. This centre thermopile is covered on top 
by a blackened thin aluminum sheet. To measure the incoming 
radiation from the sky the underside of the thermopile is 
covered with a thin aluminum sheet, another sheet, blac-kened 
on the top surface and polished on the bottom, is placed under-
neath the first sheet to serve as a shield from radiation from 
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below and prevent back loss as well. To measure the net ra-
diation exchange the underside of the centre thermopile is 
covered by a thin aluminum sheet similar to the top c:over. 
A blower is also used to give a constant air flow on the top 
and bottom surfao~s of the whole assembly. 
Output of the thermopile in mV, and the mean plate tem-
perature T are measured to obtain the total incnming long 
m 
wave radiation by: 
= kV + 
where k is a constant found by calibration. 
The nett exchange between the sky and ground is given by: 
R = kV 
Although the methods using compensating heating and 
constant air stream can eliminate the cronvection c:omponent in 
the radiation study of heat exchange, they are prone to large 
error because the sky radiation intensity is low, increasing 
the convection loss may offset the radiation effect. 
Earlier instruments avoided using a cover on the receiver 
surface to eliminate convection transfer because no material 
was known to transmit long wave radiation at that time. Glass 
transmits a large portion of short wave radiation but it is 
almost opaque to long wave radiation. With the advance of 
chemical technology, several types of plastic have beenfound 
transparent to long wave radiation. 
Therefore Funk in 1959 (17) used similar construction of 
the sensing elements as Gier & Dunkle to develop a new type 
of instrument called Polythene Shielded Net Radiometer which 
are widely in use today. Fig. 2.5 • 
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In principle, the measuring element consists of a ther-
mopile centre and aluminum sheet covers as for the other ins-
truments but the size is smaller, 2 em to 5 em in diameter. 
Hemisphere made of 0.002" thick polythene film covers the top, 
and bottom if measuring net radiation, of the receiver surface 
with retaining ring to keep it air-tight. A constant supply 
of dry air keeps these covers inflated and preventsthe convec-
tion exchange between the plate and the air. The output of 
thermopile element, which consists of 10 to 50 junction ther-
mocouples in series, is measured in mV and from the calibrated 
sensitivity of the radiometer the incoming radiation or net 
radiation exchange can be obtained. 
Paltridge (18) modified Funk's radiometer by using a black 
polythene cover instead of transparent polythene. Thick black 
polythene layer, 0.12 mm, showed about 40~ transmittance to 
long wave radiation ( wavelength >14fC) but very little trans-
mittance to short wave radiation so that it can be used in 
the presence of solar radiation • The shell is also spun con-
tinuously at about 5 rps ( revolution per second ) to reduce 
the effect of short wave heating. Fig. 2.6 shows this modified 
long wave net radiometer. 
At present, none of the above instruments is considered 
as standard but the most widely used for long wave and net 
radiation study is the Funk and the modified radiometer. 
2.2 EMPIRICAL FORMULAE FOR SKY RADIATION 
As seen from the analysis in Chp. I, the incoming sky 
radiation does not follow any simple law because of the great 
variation of moisture and temperature distribution found in 
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the atmosphere. Upper air soundings are not always available 
for the estimation from analytical calculations or radiation 
charts, therefore obsevers in the past tried to correlate the 
incoming radiation with the elements of observations at the 
ground such as temperature, pressure, moisture c.Qntent. 
These effort have led to a number of empirical formulae, 
some only valid for a particular site, some claimed to have 
universal application for any places. 
c> Angstrom in his early research in 1915 measured the sky 
radiation with his own instrument (described in earlier part) 
and proposed this relationship between clear sky radiation 
and the radiation of a blacrk body at air temperature: 
(2.1} 
where a, b,~ are constants and e is vapour pressure of 
the air in mb. These constants were changed several time to 
give better fit with a greate11 number of observations ori-
ginally suggested by Angstrom as: 
a = 0,806 , b = 0,236 , o = 0.052 
Observations from other observers were also tried to fit 
into this form by Raman (19) giving a wide variation in the 
values of these constants. Several examples of other c:,ons-
tants are shown below: 
Observations from a b () 
Kimball , U.S.A. o • .so O,J25 0.070 
Eckel & Kanzelhohe, Austria 0.71 0.24 0.074 
Rananathan & Desai, India 0,78 0.27 0,040 
Raman , Poona, India 0.79 0.273 0,051 
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Usually the individual observations also showed wide 
scattered about these curves. 
Brunt in 1932 ( 20) analysed the observat:ions of Dines & 
Dines made in England (1927) and proposed the following. 
relation: 
(2.2) 
where a and b are constants having values: 
a = 0.53 , b = 0.065 ' Rb = 
r = 0.97 with oorrelat·ion coefficient 
Elsasser in his review of these s·tudies ( 1942) presented 
a talile of different:. e:onstants a and li' with c·orrelation coef-
ficient r for various observations made at several different 
places. Some of these values are extracted as below: 
Observations from a b~ r 
Asklof, Upsala, Sweden 0.43 0.082 0.83 
Angstrom, Mt. Whitney, USA 0.50 0.032 0.30 
Kimball, various places in USA 0.53 0.062 0.88 
Raman, Poona, India 0.62 0.029 0.68 
These c:orrelation coefficients were not as high as that 
of Brunt's analysis. 
In formulae (2.1) and (2.2) the height of the observer 
above the ground and the change in temperatures were not taken 
into account. With equal temperature and v~pour pressure at 
the ground, the total amount of moisture overhead is less at 
a higher level than at sea level. This amount of moisture is 
the most important cunstituent in the long wave sky radiation 
as seen from Chp. I • To modify this lack of attention for 
height and temperature in Angstrom and Brunt formulae, 
Robitzsch (21) suggested another formula: 
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O.l35p + 6 e 
(2.3) = 
where p = air pressure in mb 
T~ = air temperature at the measuring site 
However this new formula was not widely reo=ognised be-
cause Raman found that the series of observations leading to 
this relationship was having systematic error. 
In 1963, Swinbank (22) criticised again three inade-
quacies of Brunt's and Angtrom's formulae: 
1. The wide variation with locality of the constants 
a, b, 1S'. 
2. The lack of dependence on elevation. Later exper-
iments showed that the amount of water vapour above any given 
level in the atmosphere is proportional to the cube of the 
atmospheric mass above that level (23). 
3. The ratio R/Rb which can be o_onsidered as the ef-
fective emissivity ~of the atmosphere does not depend on tem-
perature according to those formulae. In the case of a 
limited isothermal atmosphere, E: would be less than one and 
independent of temperature only if the atmosphere were of a 
constant greyness. This is not the case for water vapour 
emission. Therefore in prineiple,E must be temperature de-
pendent in any circumstances. 
Using the results of Dines's observations, which Brunt 
used to arrived at his formula, Swinbank found the regression 
line between RLand ~T: as: 
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in mW/cm2 
with a remarkable correlation coefficient r= 0.988. 
Swinbank also gave reason for the high correlation bet-
ween Rr/ ()T! and [9 for this same set of observations (i.e. 
0.97 by Brunt's formula). The significant was due to high 
correlation between rr! andre ( r =0.954) at that locality 
When the correlation between temperature and humidity at a 
place is poor, variation in a and b can result when trying 
to fit the data into the form 
R I "T4 b ro RT./ ~Ta4 = a - bl0---6 e L ~ a = a + ~e or ~ ~ 
Further measurements were made by Swinbank with Funk 
radiometer to support his proposal of the sole dependence on 
temperature of sky radiation. His observations combined with 
those of others were plotted showing a close fit to the re-
gression line: 
in mW/cm2 (2.4) 
with correlation coefficient r = 0.988 
Fig. 2.7 is the graph extracted from Swinbank's results. 
Same results were also plotted versus re giving regression 
line : 
Rr/\)T! = o.64 + 0.037 Ve 
showing not as good fit as the above estimation an:d yet 
another set of a and b for Brunt formula. Fig. 2.8 is also 
extracted from the same paper to show this relation. 
To give a clearer idea of the dependence oft in temp-
erature, Swinbank went on to analyse the correlationbetween 
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log10RLand log 10Ta to see if a power other than four is 
more suitable for the· above expression. 
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The analyses based on his observations and Dines'earlier 
observations gave another expression for R: 
R1 = 5.31 x lo-14T~ (for Swinbank's observation) 
r = 0.985 
(2.5) 
and R1 = 5.21 x lo-14T~ (for Dines'observation) r= 0.989 
The close results of these two analyses supported the 
expression in this form, the former formula was suggested: 
because of larger observations. This suggested:that the ef-
fective emissivity of sky depends on T2 whic:h seems rather 
high cwmpared with the variat:ion of 1 with temperature shown 
in Fig. 1.3 • 
These expressions proposed by Swinbank are· no doubt 
simpler and more significant than Brunt's formula. However 
because this was arrived at empirically so that neither can 
be used CDnfidently in a region where it has not been tested 
by direct measurements. 
As shown by Businger in the Discussion Part: of Swinbank' s 
paper, large deviation ( > 5%) f:vom Swinbank' s first expres-
sion were experienced. 
Deacron ( 24) proposed a correc:tion term to Swinbank' s 
first formula for the effec-t. ofl change in elevation: 
(2.6) 
where Rs = sky radiation estimated by Swinbank's formula 
z = elevation of measuring site in metre· above sea level 
Idso & Jackson (25) in a recent paper (1969) did a theo-
retical analysis of the atmospheric~, thermal radiation by 
using a computer to calculate this radiation based on the 
emission spectrum of the three components H2o, co2 , and o3 
in the atmosphere. 
This analysis showed that in the region -50°C to 80°C 
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the relationship of R1 with T! is quite linear. For very low 
temperature range R1 varies with a power of Taless than four. 
Thus there appears to be no theoretical justification for the 
power of Ta being greater than four for any temperature obtain-
able on the Earth • The dep.endence of the effective emissiv-
ity of the sky on T2 as proposed by Swinbank is then much 
overestimated. Therefore ~dso & Jackson postulated that im-
mediately above 273°K atmospheric thermal radiation may be 
described by an exponential function of temperature 
R1 = T
4( 1- c exp(-d(273 - T) 2 ) (2.7) 
assuming that the variation of effective emissivity 6 of the 
sky is symmetrical about 273°K. 
In equation (2.7) c and d are constants, the term 
(273- T) 2 keeps R from beinggreatev than black body radia-
tion at too high and too low temperature. 
Obsevvation made by Idso & Jackson, in addition to 
Swinbank's results, had been fitted to this latest proposed 
formula giving correlation c:oefficient r == 0.992 with 
C == 0.261 d == 7.77 X 10-4 
Therefore Idso & Jackson's sky radiation formula was 
suggested as: 
RL = ~~~- 0.261 J-7.77 X l0-4 (273-T~ 2~ (2.8) 
in mV}Icm2. 
From their analysis and the expanded numbers of data 
involved, Idso & Jackson concluded that this equation 
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accurately describes a general relation between clear sky 
atmospheric radiation and screen level air temperature, and 
this should be valid at any, latitude and for any air temp-
erature reached on the Earth. 
To find out if the difference in sky radiation given by 
formulae (2.4), (2.5) and (2.8) is significant. These func-
tions are plotted and cmmpared with the black body radiation 
curve as shown in Fig. 2.9 • 
It is noticed, from this plot, that differences are 
large for air temperature below 5°C and, above 35°C. In the 
range from 5 to 35°C, maximum difference is only 7.6% which 
is rather small for engineering applications. For the range 
of temperature normally encrountered in thermal environmental 
engineering problems, only at low air temperature (-<5°C) 
that the discrepancy due to those formulae is significant. 
However, not any of those formulae is widely recognised as 
stand!ard so that their uses depend on c·onvenience and whether 
local measurements have been made to justify them. 
2.3 FACTORS AFFECT SKY RADIATION AND REDIATIVE HEAT LOSS 
Considering. all the proposed formulae from ( 2.1) to ( 2. 8) 
the dependence of sky radiation on the amount of water vapour 
in the atmosphere is always recognised either explici·tly such 
as formulae (2.1, 2.2) or implicitly by the relationship 
between water vapour and temperature as other formulae. This 
is in agreement with the results of analytical investigation 
in Chp. I. However these formulae are valid only for clear 
sky condition. During c~oudy periods, they give too low sky 
radiation~ because the cloud, however thin, can also act as 
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a black body and re-radiates all the radiant heat coming in 
back to the earth. The Elsasser ahart provides the estimation 
of the sky radiation in intermittent eondition by taking the 
optical thickness u into account, but if the sky is completely 
covered by even a thin cloud he suggested the black body line 
corresponding to u = oe to be used. Ac~tual measurements by 
Dines (26) showed the average radiation in completely over-
cast c:onditions is about 96% of black body radiation. 
Attempts have been made by Askof and Angstrom (27) to 
modify the empirical formulae for ~loudy sky estimation. The 
net heat loss fr.om ground under fully overcast c;ondi tion is 
estimated by: 
(2.9) 
where Rb = radiation of black body at air temperature 
R1 = sky radiat·ion calculated by Angst:rwm formula (2.1) 
~ is always< 1 and depends on the height of the cloud 
deck as shown below: 
cloud height 1.5 
0.14 
3 
0.25 
7 
0.8 
(Km) 
This variation of ~ suggested that the heat loss is 
more when sky is covered by high cloud than when it is 
covered by low cloud. 
All the above formulae were arrived· at from measure-
ment made for horizontal surface. For engineering purposes, 
the variation of incoming sky radiation with inclination and 
orientation is also interesting. Ifecause of the diffuse 
cnaracteristic of sky radiation, large variation with in-
clination and orientation as for solar radiation is not 
43 
expected, however the effect of radiation from other objects 
around the surfac:e may be important. Parmelee and Aubele in 
their study with the ASHVE c:onvection compensated radiometer 
(16) showed that the ratio of long wave radiation received by 
a vertical surface on clear days over that received by a hori-
zontal surface varies from 1.13 to 1.30. This ratio is 
smaller for other inclination e.g. 1.1 to 1.2 for 30° from 
vertical, 1.02 to 1.07 for 60° from vertical. In general, the 
long wave radiation received' by an inclined surface is ex-
tremely variable because the ground contribution depends very 
much on the ground cover and proximity of the surfac"-S. Based 
on the analysis of Brunt (20), the radiation received by a 
vertical surflace from a cloudless sky was proposed as: 
(2.10) 
This equation can be used to estimate the contribution 
of ground and surroundings to the total radiation on a ver-
tical surface. 
With the knowledge of the incoming radiat:ion to any 
surface from above considerations, the net radiation loss 
from the surfac~ then depends on its emissivity~and temp-
erature tp and is given by: 
R = (2.11) 
CHAPTER III LONG WAVE RADIATION MEASUREMENT UNDER 
CHRISTCHURCH WEATHER CONDITIONS 
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For Christchurch , no data of the long wave sky radia-
tion have been available either from literature or from the 
Christchurch Weather Office. Under Christchurch weather 
condition with large portion of e::lear night sky during winter 
time, this component of radiation exchange can be significant. 
3.1 DEVELOPMENT OF THE RADIOMETER 
(A) DESCRIPTION OF THE RADIOMETER 
In order to carry out some measurement of this sky ra-
diation, a radiometen capab:ile of measuring long wave radiation 
is required. Because the required accuracy for this initial 
study is not e.s high as that f:or meteorological study, it was 
decided to make a simple low cost radiometer instead of buying 
a more sensitive but expensive one. 
A flat plate type instrument which receives total hemi-
spherical sky radiation is preferred to restric~ted view type 
radiometer because' the forman is more easier to use and 
simpler to make. The design of the radiometer used in this 
experiment was based on the principles of the ASHVE convec-
tion compensated radiometer and the Funk's polyethylene 
shielded net radiometer. Main elements of the radiometer are 
described below and shown in Fig. 3.1 • 
1. Sensing element: 
This is a copper plate, 20 gauge, 8 em diameter. The 
thickness and size of this plate was chosen so that it gives 
a negligible thermal resistance and thermal inertia effect 
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while it also ensures a uniform temperature over the surface. 
The size of this plate is larger compared with Funk's radio-
meter to enable the heating element to be attached under-
neath. The surface is painted matt black to give an emis-
sivity and absorptivity of 0.95 . 
2. Measuring element: 
Five 30 gauge copper-constantan thermocouples are at-
tached to the upper surface of the sensing plate, four around 
the edge and one at the centre. Care has been taken to make 
sure the thermocouple junctions are in good contact with the 
plate. These junctions are soldered and flattened before 
cemented to the copper plate by araldite adhesive. Outputs 
from these thermocouples can be measured individually, in 
parallel or in series as desired. 
Individually, these points give the temperature dis-
tribution over the plate surface. A uniform plate temperature 
is assumed when the difference between the five points is less 
than 1°0. 
If connected in parallel, the output shows the average 
temperature of the plate. The necessary c:ondi tion that the 
five branches must have the same resistance is satisfied be-
cause these branches are of same materials and nearly equal 
length. 
The series connection of these thermocouples gives the 
effect of a thermopile where all five outputs are added up. 
This has ad¥antage over parallel connection when output is 
small. 
3. Insulation: 
To con~entrate on the radiation exchange, other forms 
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of heat transfer such as ~onduction and convection must be 
minimized or eliminated. In this case, the c:onduction loss 
from the heated plate to the back and around is minimized by 
an insulation structure consisted of aluminum foils, air 
spaces and expanded polystyrene block. Aluminum foil with 
high reflectivity is lined on the inside surface of the 
housing and used to form air spaces beneath the copper plate. 
Expanded polystyrene which has high thermal resistance and 
low density due to numerous air spaces inside its structure 
is preferred than fibreglass which has same resistance but 
heavier density. 
Fig. 3.1 shows the components of the insulation struct-
ure. A cylindrical expanded polystyrene block of 15 em dia-
largest 
meter and 3.175 em thick is theApart of the whole structure. 
core 
At the centre, a 8 em diameter and 2.22 em depthAis cut from 
the block. This core is lined with aluminium foil and it 
provides space for the sensing plate, heating element and air 
spaces insulation. 
Air space is formed by facing aluminium foils on both 
side of a cork ring, 8 em O.D., 7 em I.D. and i" thick. Three 
such air spaces are stacked into the core and bonded to the 
polystyrene wall by Bostik adhesive before the heating element 
and sensing plate is assembled. 
4. Hea~ing element: 
A heating element is added to provide extra heating 
during severe weather conditions. In order to distribute 
the heat supply uniformly to the plate, the heating wire is 
arranged as shown in Fig. 3.2 • This arrangement was chosen 
after several trials because it gives less than 1°Cdifference 
Fig. 3.2 
Fig 3·3 
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in temperature among five thermocouple points. 
The wire is 1.5 metre long, gauge 22 B & S made of 
nickel. The winding of the wire like that in Fig. 3.2 gives 
resistance of 5. 46,.(:). for this element. The element is then 
cemented to a thin mica sheet for ~igidity and electrical in-
sulation,on the top surface a piece of glass cloth separates 
the sensing plate and the heating wire. This cioth provides 
electrical insulation but restricts the heat flow upward very 
little. The whole polystyrene block is placed in a steel 
housing, covered on the top by a tufnol ring. This ring is 
sealed around the periphery by araldite leaving only the 
sensing black plate exposed to the sky. 
5. The cover: 
This is an important part of the radiometer. A suitable 
cover must: 
transmit all the radiant energy at the wavelength to 
be studied. 
minimize the cx>nvea:tion heat transfer from air to 
plate or vice versa. 
protect the sensing element and the insulation 
structure from the rain. 
For radiometer to measure solar radiation,_ glass cover 
is commonly used because it is transparent to short wave ra-
diation but almost opaque to radiation > 4 f in wavelengths. 
The latter property makes glass unsuitable as a cover for 
long wave radiation instrument. With the advance ofchemistry 
technology, polyethylene has been found to have c_onsiderable 
transmittance for long wave radiation. Funk (17) when used 
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polyethylene cover for his radiometer estimated that 0.002" 
polyethylene film absorbs only about 1% of the long wave ra-
diation, and Suomi et al (28) placed an upper limit of 3% on 
the absorption of such a film. Vlhen the radiometer is in 
equilibrium with its environment, it is assumed that i of the 
absobed radiation is re-emitted in the direc~ion of the 
transmitted energy i.e. only 1.5% of the radiation is pre-
vented from passing through the film. Reflection by the film 
has a greater effect in reducing transmission. For a thin 
polyethylene film, this loss due to reflection is about 4% (29). 
Hemispherical polyethylene film 0.001" to 0.002" thick 
can be produced by a method desc:rdbed in Ref. (18). In this 
method, vacuum is produced in the cavity of a heated mould 
and covered by polyethylene sheet. The diameter of the hemi-
sphere produced was about 20om. Because no tool for this 
process is available, a design of the cover shown in Fig. 3.3 
is substituted. 
In this design, a half cylindrical window of 0.002" 
polyethylene film is made, supported by two perspex side 
walls, 20 em diameter semi-circle and 1/16" thick. The poly-
ethylene film and support walls are glued, to a perspex base 
20 em x 22.5 em rectangular. 
In the direc:tion YY as shown in Fig. 3.3, there is no 
restriction in the view of the sensing plate but in XX ·. 
direction, part of the hemispherical view is restricted._ by 
the supporting walls. The cone angles vary because of the 
semicircle curve, minimum cone angle is 110°. As noticed by 
some observers, the most important contribution of long wave 
radiation from sky comes from the region near the zenith so 
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that the effect of the perspex wall is small. Therefore one 
can assume that the total t:rransmittance of long wave radiation 
by this cover is 0.95. 
This cover design can also give effective protection 
for the whole radiometer from weather effect. The polythene 
cover is kept under light positive pressure by air supplied 
through a small rubber tube. This tube is inserted through 
a small hole in the perspex base plate with other electrical 
wire and thermocouple Jieads. 
The whole assembly cran be mounted on a camera tripod 
and set at any inclination facing any direo:tion in the sky. 
Fig. 3.4, 3.5 and 3.6 show the radiometer and typicral instal-
lations. Some remarks for the manufacturing are presented, in 
.Appendix a. 
(B) CHARACTERISTICS OF THE RADIOMETER 
1. Time constant for the heating and cooling operation: 
Due to the heating installation, the radiometer has a 
rather large time constant (For a system receiving heatinput, 
time constant is the time taken for the system to attain 63.2~ 
of the temperature difference between the initial and final 
state). The time constant for the heating process from 13°C 
to 68.2°C is 5 minutes, same as from 68.2°C to 87°C. Time 
constant for the cooling from 87°C down to 17°C is 6 minutes. 
Fig. 3.7 illustrated these measurements. This large time 
constant does not allow it to respond quickly with fast fluct-
uation. However it has an averaging effect which smooths 
out the fluctuation • For long wave radiation at night-time, 
there is very little fluctuation so that this large time const-
ant is not a problem. 
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Fig. 3.4 Close up view of the radiometer 
Fig. 3.5 Radiometer in horizontal position 
(Measurements in December) 
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Fig. 3.6 Radiometer in inclined position 
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2. Effect of wind: 
Due to the cover the wind effect on the radiometer is 
small. Tests were carried out in a wind tunnel. When..the 
radiometer is heated by 5 volts D.C. current, the outputs 
from thermocouples (five connected in parallel) are shown 
below : 
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Wind speed 0 
1.4 
20 35 ( Km/hr) 
Output 1.37 1. 25 ( mV ) 
Maximum difference from 0 to 35 Km/hr wind wpeed is 
0 0.15 mV corresponding to about 3.5 c. The corresponding 
plate temperature for 5 :volts input is about 75°C. The 
relative change in temperature is 4.7cfo. 
3. Resistance of the back insulation: 
According to the Institute of Heating and Ventilating 
Engineer Guide Book 1970, the thermal resistance of an air 
space with multiple alun1inium foil has a high resistance 
because radiation is largely prevented. The resistance of 
the same air space structure is also higher when the heat 
flows downward than when it flows upward. Table A3.6 from 
that Guide Book suggested a thermal resistance of 1.76 m2°C/W 
for low emissivity multiple foil insulation with air space on 
one side. Therefore the thermal resistance of the whole 
insulation at the back of the sensing plate can be estemated 
as: 
Air space and multiple foils Resistance = 1.76m2°C/W 
1 em expanded polystyrene, W 
0.33m2°C/W having conductivity=0.033--- " = - . 0 
m C 
Outside surface 
" = o.053m
2
°C/W 
Total resistance = 2.143m20c/w 
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Overall heat transfer coefficient Ub= 0.466 W/m20c 
In daytime when the radiometer receives both long wave 
radiation from the sky and short wave solar radiation, the 
plate temperature can be as high as 70°C with an average air 
temperature of about 20°C. The back loss then is about 
23.3 W/m2 or 2 cal/cm2hr, compared with the heat input of 75 
to 80 cal/cm2hr this heat loss is only 2.5 to 3% and can be 
neglected. 
At night, without extra heating the plate temperature is 
normally below or equal to air temperature, the temperature 
difference is seldom more than 5°0. Therefore the amount of 
heat transfer from the air to the plate through the hack 
insulation is negligible. For cases where extra heating is 
required, the plate temperature may be 5°C higher than air 
temperature resulting a back loss of about 2.33 W/m2 or 
0.2 cal/cm2hr. Compared with the inc~oming radiation ofabout 
20 cal/cm2hr, this back loss can also be neglected. 
3.2 HEAT BALANCE EQUATIONS FOR THE RADIATION MEASUREMENT 
WITH THIS RADIOMETER 
Fig. 3.8 shows the cromponents of heat exc-hange for this 
radiometer. 
Under steady state condition, the heat balance equation 
at daytime operation is: 
Ts~Rs+ ~T1R1 = EL~T~ + hc(tp-ta) + Ub(tp-ta) (3.1) 
where ~ = short wave absorptivity of the plate 
s 
o<.1 = long wave 
II II 
" 
Ts = short wave transmittance of the cover 
T1 = long wave tl It " 
dry 
ta 
Wind Vmph 
> 
Fig. jl.8 
---r----1---J bulb 
thermo. 
water 
tube 
Fig, 3.9 
t 
a 
Heat exchange at the radiometer 
surface 
cork block 
wet bulb 
thermo. 
thread 
11\-l---1-
strings 
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tl 
3 
Wet and dry bulb air temp. measurement 
h0 = convection cnefficient 
= overall heat transfer coefficient of back 
insulation 
Rs = short wave solar radiation 
RL = long wave sky radiation 
tp = plate temperature 
ta = air temperature 
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In this equation, if the last two terms of the RHS can 
be considered negligible, the intensity of long wave sky ra-
diation can be estimated in terms of the plate temperature 
and solar radiation intensity: 
= 
c1 trT
4 T o< R 
v p s s s (3.2) 
TLo(L 
If on the other hand, the sky radiation can be estimated 
by some other method, the solar radiation intensity may be 
known by this relation: 
= 
f.L C)'T~ TLo<LRL 
T s«s 
(3.3) 
Normally R is measured by local Meteorological Office 
s 
so that equation (3.2) can be used to estimate daytime long 
wave radiation from the sky. 
At night-time, there is no solar ra~ation and the. heat 
balance equation is: 
= €: 6"T 4 + hac( t - t ) + U ( t - t )' L p p a b p a 
tp is normally less than ta during these periods, this 
means that there is some convection and conduction heat input 
to the plate from the air. However the temperature difference 
is usually small so that. these two components are negligible. 
The night sky radiation is then given by: 
4 
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EL frl2 
TLo<.L = 
(3.4) 
When extra heating is required, the electrical energy 
input Q can be known from the voltage supply and the resist-
ance of the heating element. The heat balance equation in 
these cases is: 
tp is then higher than ta but the difference is also 
small so that the last two terms in RHS can be neglected. 
The night sky radiation is given by: 
Q 
= (3.5) 
3.3 MEASUREMENT WITH THE RADIOMETER 
During the period from late August to late September 
1973, trial measurements of long wave radiation under 
Christehurch conditions were made with the above designed ra-
diometer. The measurement were aimed to verify the variation 
of sky radiation with the degree of c:loudiness of the sky as 
expected from theoretical analysis, to obtain son1e quanti-
tative values of the long wave radiation from c~ear sky re-
ceived at Christchurch and compare these with what is proposed 
to b:e from the empirical formulae given in Section 2.2 • 
(A) EXPERIMENTAL SET UP 
To obtain a clear view of the sky and avoid as much 
obstacle as possible, the radiometer was mounted on a tripod 
and placed on the roof of the West Hall, Ilam Halls of 
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Residence, University of Canterbury. 
Wet and dry bulb temperature of air near the site were 
also measured by gauge 30 copper-constantan thermocouples, 
the two thermoc:ouples were shielded from direct radiation by 
a cork block containing water tube as shown in Fig. 3.9 • The 
output of all five thermocouple points on the sensing plate 
were c·onnected in parallel to read average temperature of the 
plate. A 24 channel Brown Electronik chart rec·order was used 
to record variation of the plate temperature, wet and dry bulb 
air temperature. Extra heating is provided by a regulated 
D.C. voltage supplier. 
At the initial stage of the experiment, direct temperature 
measurement circuit was used so that all thermocoup1e outputs 
are compared with the built in reference junction with temp-
erature compensation circuit and printed on chart underscale 
fnom o to 200°F. Fig. 3.10, 3.11 and' 3.12 show the charts 
output under such connection. These showed the typical va-
riation of day and night-time measurement. However check 
measurement of air temperature with mercury thermometer showed 
that the rerrorded temperature were too low. Information ob-
tained from the manufacturer pointed out that the resistor 
in the reference junction must be changed for different type 
of thermocouples. The existing resistor in the recorder was 
for use with iron-c.onstantan thermocouples, therefore the 
difference in emf (electro-motive force) versus temperature 
between the two types of thermocnuple gave erroneous measure-
ment of temperature. 
Because a compensation resistor for copper constantan 
thermocouple was not available, indirect measuring circuit 
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was used instead. The outputs of thermocouples from radio-
meter and air temperature measurement are compared with that 
of a reference thermorrouple kept at 0°C in a thermosflask 
containing ice cubes. Differenc.e is the emf measured in mV 
and printed on chart under 0 to 5 mV scale. Fig. 3.13 shows 
diagram of the two methods of connection. 
(B) RESULTS OF THE EXPERIMENT 
1. Qualitative verification: 
From the 4 September onward, 0 to 5 mV scale was used 
throughout with chart speed of one inch per hour. Compared 
with the previous charts, these new charts show the variation 
of temperatures of plate and air more c~early, especially at 
night-time. 
As shown by equation (3.4), long wave sky radiation is 
proportional to tempevature of the sensing,plate raised to 
4th power. Therefore variation in this temperature cor-
responds to the change in magnitude of the sky radiation. 
These variations are typified; by the following figures: 
Fig. 3.14: clear night sky starting from late aften-
noon, extra heating was required to :11aise the plate temp-
erature up in~side the measuring range: little incoming ra-
diation from the sky, large heat loss by radiation. 
Fig. 3.15: thin c-loud over the sky and windy con-
dition, the plate temperature was also below air temperature 
but still inside the scale (~0°C): reasonable radiation from 
sky and rather constant throughout the night, heat loss by 
radiation is small. 
Fig. 3.16: intermittent condition where the sky 
changed from clear and calm to cloudy and windy periods. 
canst. 
cu 
' -~===::c~u:;'··:;:·:, .. ====P~ 5' 
r------J c on:s t 4 
t 
w 
!) 
2. 
1 
terminal of 
recorder 
a. Connection for direct temp. recording 
cu 
ice 
cubes 
in 
thermos flask 
canst 
canst 
canst 
0°C reference 
junction 
b. Connection for millivolt recording 
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Fig. 3.13 Methods of connection for temp. measurement 
by thermocouples 
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Plate temperature was much lower than air temperature during 
clear period and became closer to it when c:loud began to 
cover the sky. This corresponds to the increase in sky ra-
diation with the degree of cloudiness. 
Fig. 3.17: oioudy night, plate temperature was about 
the same as air temperature throughout the night: the sky 
radiates as a black body at air temperature, V!ery little 
heat loss by radiation. 
Some experiment with the radiometer set at 45° inclin-
ation from horizontal and facj_ng North have also been tried. 
The results showed a general increase in plate temperature 
even in clear night sky periods. This agrees with what ex-
pected because an inclined surface receivet less radiation from 
the whole sky but it receives a more amount· of long wav:e ra-
diation from the nearby objects and some amount reflected from 
them. The overall effect is an increase in incoming radia-
tion and reduction in heat loss. Common experience in winter 
time also shows that a horizontal surface is more prone to 
frost cover than a sloping surface at the same site. 
Fig. 3.18: illustrates the variation of air and plate 
temperature at inclined position during cloudy and e~lear night 
periods. 
Later in the investigation from 20 October, the radio-
meter was set u:g near the solar water heater on the roof of the 
Chemical Engineering Building, University Campus. The same 
connection to give emf in mV was used, at the same time with 
other outputs from thermocouples inside the solar panel. The 
following figures confirm the trend of variation in sky ra-
diation noticed above. 
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Fig. 3.19: clear and calm sky resulting low plate 
temperature. Little variation in all the temperatures re-
corded showed a constant incoming radiation from the clear sky. 
;Fig. 3.20: again shows the change in radiation from 
clear sky to cloudy condition. Little variation in air temp-
erature was recorded although there was a large change in 
plate temperature. 
Fig. 3.21: shows a typicral daytime operation when 
the sky condition changed from intermittent cloudy to clear. 
Compared this figure with Fig. 3.22 which was reproducedfrom 
the chart of the output from an Eppley solarimeter used by 
the Weather Office, although this radiometer can not respond 
to the change as quick as the Eppley solarimeter, it effect-
ively shows the average of these fluctuation. 
2. Quantitative results: 
From the records of temperature variation charts, ciear 
sky periods were selected and hourly mean temperatures of 
plate, dry bulb and wet bulb are measured. These clear sky 
periods were chosen according to observation made frequently 
during the experimental nights. 
The long wave radiation from clear sky is calculated 
from equation (3.4) and (3.5). With TL = 0.95; ~=EL= 0.95 , 
equation (3.4) becomes: 
RL = ~T~/0. 95 (3.6) 
with f = 5.67 x 10-9 mW/cm2°K4 
For cases where heating was provided, Q is calculated 
from the voltage V and the resistance R of the heating 
element. The heat input per unit area is: 
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Q 2 mW/cm 
A = area of sensing plate = 50.25 cm2 
R = 5.46 ohms 
1 = efficiency of the heating, assumed to be 85% 
(i.e. 85% of the heating goes to the plate) 
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The vapour pressure of atmosphere for these periods is 
calculated by: 
where es = vapour pressure of saturated air at dry bulb 
temperature. ¢ = relative humidity of air. 
Regression lines for es values corresponding to temp-
erature in the range from 0°to 30°C tabulated in Roger & 
Mayhew's Table of Thermodynamic Properties of air and steam 
were calculated in order to extrapolate es for different air 
temperatures. A programme to use with H.P. 9l00A calculator 
to facilitate these calculations is presented in Appendix 1. 
Typical calculations for a clear sky period are shown 
in Appendix 2. 
The results of experiment during September and November 
1973 are presented in Table 3.1, 3.2, 3.3 • 
Plots to compare these experimental values with those 
proposed by formulae (2.2), (2.4), (2.5) and (2.8) are shown 
in Fig. 3.23 and 3.24. 
Incidentally during the time these experiments were 
carried out,a Ph.D. student of the Geography Department was 
performing experiments on the radiation balance for 
Christchurch. Net radiation exchange at night can be obtained 
from her measurements with the Funk radiometer at the 
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TABLE 3.1 Measurements of long wave radiation(no extra heating) 
I 
Time t t t t!T4 wr4 RL l R I R1 re. 
Date period op a w "' f 2 a 2 1 c oc oc mW em mW/cm mW/cm' mW/cm2mW/cm2 mb-z 
10-9 07-08 4 ().5 7.5 33.45 35.68 35·3 5-15 30.53 3.16 
pm 
08-09 4 8.5 7.5 33 .~~5 35.68 35.3 4.80 30.88 3.16 
09-10 4 8 7.2 33.45 35.43 35.3 4.80 30.63 3.16 
10-11 4 8 7 33.45 35.43 35.3 Lt .• 70 30.73 3.11 
11-12 3.5 7.8 7.2 33.21 35.33 35.0 5.25 30.08 3.10 
12-1 2 7.5 7 32.5 35.18 34.2 6.68 28.50 3.07 
11-9 1-2 2 7·5 6.8 32.5 35.18 34.2 6.60 28.58 3.04 
am 
2-3 2 7.2 7 32.5 35.03 34.2 5.5 29.53 3.12 
3-4 3 7.8 7 32.97 35.33 34.7 4.88 30.45 3.09 
L~-5 3.5 7.8 7 33.21 35.33 35.0 4·34 30.99 3.09 
5 ... 6 4 7·3 7 33.45 35.08 35·3 3.80 31.28 3.13 
~-
11-9 8-9 3.5 10.2 8.8 35.03 36.60 36.9 8.01 28.65 3.22 
pm 
9-10 2.2 10 8 32.59 36.45 34.3 6.60 29.85 3.10 
I 
10-ll 2 9 7.8 32.5 35.93 34.2 7.40 28.53 .3 .13 
11-12 2.5 9.2 8 32.74 36.04 3L~ •4 6.68 29.36 3.15 
I 
12-9 7-8 0 7 6 31.56 31+. 93 33.2 8.30 26.63 2. 97 
pm 
8-9: 0 7 6 31.56 34.93 33.2 7. 9L~ 26.99 2. 97 
-
13-9 7-8 2.8 9.5 8 32.88 .36 .19 34.6 7.4 28.79 3.11 
pm 
8-9 2 9 7 32.5 35.93 34.2 7 .1LJ- 28.79 2.94 
9-10 o.8 7.2 6 31.94 35.03 33.7 6.76 28.27 2. 94 
10-11 0.2 7 6 31.66 34· 93 33.4 5·95 28.98 2.97 
11-12 1.2 7 6 32.12 34·93 33.8 5.05 29.88 2.97 
,, 
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TABLE 3.2 Measurements of long wave radiation(no extra heating) 
~"-~~ 
Date Time t t t '(e tJT4 trT
4 RL 
oP a 0~ period oc mbt p 2 a 2 mW/cm 2 c mW/cm mW/cm 
14-9 8-9 7.5 14.2 13.8 3.93 35.18 38.66 37.0 
pm 
9-10 6.2 13 11.8 3.63 34.53 38.02 36.3 
lO-ll 4·5> 12.2 ll 3.54 33.7 37.59 35.5 
ll-12 5.5 12.5 11 3.49 34.18 37.75 36.0 
----~ -
15-9 0-1 7 13.5 12.2 3.63 34.93 38.28 36.8 
am 
l-2 6 11.8 11 3.55 34.43 37.38 36.2 
2-3 6 13 11.8 3.63 34.43 38.02 36.2 
3-4 7.5 14 13.5 3.90 35.18 38.55 37.1 
4-5 8.5 14.2 13.5 3.84 35.68 38.66 37.6 
5-6 8 14 13 3.8 35.43 38.55 37.3 
---
f-~~--~--~~ -~"-- -
9-12 9-10 5.2 12.4 11 3.46 34.01 37.70 35.8 
pm lO-ll 5 12 ll 3.5 33.94 37.50 35.7 
ll-12 5 11.9 10.6 3 • L~5 33.93 37.42 35.7 
~,- -~~- --~~ r---~ ~··-
' 10-12 0-l 4.8 11.8 10.5 3 .4Lt 33.79 37.30 35.6 
am 
l-2 4.5 ll.l 10.2 3.4 33.59 37.05 35 ·'+ 
2-3 '+ .2 ll 10.1 3.39 33.46 36.98 35.3 
~ ' 
10-12 9-10 7.2 14.4 13 3.74 35.05 '38. 76 36.9 
pm 10-ll 7.1 14 12.6 3.69 34.95 38. 5'+ 36.8 
ll-12 6.5 13.2 12 3.6 34.80 38.09 36.6 
~--~-"~-
19-12 9-10 1.5 9.5 8 3.13 32.26 36.19 33.9 
pm lO-ll 1 9 7.8 3.13 32.03 35.93 33.7 
----
11-12 l·- 9 7.5 3.05 32._03 35.93. 33.7 
-
120-12 0-l 0.5 8.5 7.1 3.0~ 3T:13-~5.68 ---~ 33.5 
am 1-2 0.2 8.5 7 2.98 31.66 35.68 33.LJ-
2-3 0 8 7 3.02 31.56 35 .1+3 33.2 
~~-~~---~-~~--~--~-~-----~--~ 2-12 l-2 '+ .2 8.8 8 3.14 33.45 35.83 35.2 
am 2-3 4 8.7 8 3.13 33.36 35.77 35.1 
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TABLE 3.3 Measurementsof long wave radiation (with extra heating) 
9-9 
am 
0-1 
2-3 
3-4 
4-5 
5-6 
16-9 10-11 
pm 11-12 
17-9 0-1 
am 1-2 
2-3 
3-4 
4-5 
5-6 
10-9 0-1 
am 1-2 
2-3 
3-4 
4-5 
5-6 
./7~8 3.5 2 
5·5 2.8 1.8 2.44 32.88 34.18 
4 
4 
3 
2 
2 
4·5 2 
1 
1 
2.42 33.45 32.5 
2.42 33.45 32.5 
0.8 2.41 33.7 
Q 
2 
mW/cm 
fl 
rl 
n 
n 
II 
II 
7 5 4.5 2.81 34·93 33.94 12.4 
7.2 3·5 3.5 2.80 35.03 33.21 
7.2 2.8 2.8 2.73 35.03 32.88 
9 3 3 2.75 35.93 32.97 
10.5 3.5 3.5 2.80 36.70 33.21 
11 
4 
3 
II 
II 
4 4 2.85 36.96 33.45 
2 1.5 2.52 33.45 32.50 
1.1 0.2 2.40 32.97 32.08 
0 II 32.74 31.80 
0.5 0 II II II 
0 0 tl II 31.56 
II 
ll 
11 
II 
II 
11 
ii 
il 
tl 
RL 
2 
mW/cm 
23.4 
20.9 
21.5 
21.5 
21.1 
21.6 
22.8 
23.1 
23.2 
23.2 
24.2 
25.0 
25.2 
21.9 
21.5 
20.9 
20.7 
tt 
11 
Radiation 
Intensity 
40 
35 
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~ig. 3.23 Plot of R1 versus ta 
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R1/Rb= 0.53 + 0.065je 
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measuring site of the Christchurch Weather Bureau. Outputs 
from the radiometer were connected to an electronic inte-
grator and recorded by the number of counts during a fixed 
period. These net radiation represent the heat loss from 
ground surface to the sky which is R = RG - R1 • The Funk 
radiometer used were set at 1.5 m from ground so that the 
outgoing radiation from the ground surf.ace can be assumed as 
the radiation of a black body at screen level air temperature. 
The incoming radiation from sky is then calculated by the 
difference between RG and R. Normally there is little dif-
ference in air temperature between the Airport, where measure-
ments of Weather Office records are made, and the University 
Campus where our records are measured. Therefore our re-
corded air temperatures were used to estimate the outgoing 
radiation from ground and hence obtain the incoming sky ra-
diation which should not be different greatly :Bor the two 
measuring sites. Some data available f.or the same periods of 
measurement were obtained. Results of RL estimated from such 
calculations are also presented in Table 3.1 and shown in 
Fig. 3.23 for comparisons. 
3.4 DISCUSSIONS OF THE RESULTS 
(A) Magnitude of R1 
As seen from Fig. 3.23 and 3.24 there are three groups 
of points which represent different cronditions of measurement. 
The upper group comprises of c~ear sky measurements at Ilam 
Halls of Residences in September and some in December when 
the radiometer was set up near the solar water heater on the 
Chemical Engineering Building. 
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This group is very c~ose to the black body line and show 
a much larger inc:oming radiation from the sky compared with 
values proposed by other formulae. 
The middle group represents the calculated incoming sky 
radiation based on the data of ne~ radiation loss obtained 
from other and the air temperature at the measuring site. 
This group also has higher values than any of those calculated 
by the formulae. 
The lower group comprises of all the points which re-
present the result of measurement during some clear cold nights 
in September where extra heating was required to allow the 
plate temperature to be measurable. These points scatter 
around the lines representing the three proposed formulae in 
a region where the discrepancy between them is largest. 
If considering the first two groups only, one may con-
clude that the incoming radiation from the Christrrhurch night 
sky is approximately 20~ to 30~ greater than any of the ac-
cepted formulae predict. However, the good fit of the last 
group with the proposed formulae raised doubt on that 
concl.usion. 
One reason for the large R1 obtained may be due to the 
existence of thin cloud high above the sky which gives an ap-
parent clear sky condition. As can be seen from the analy-
tical part, the appearance of cloud and hence increase water 
vapour in the path length of the long wave radiation rays 
leads to increase in R1 • However, this effect of c~oud is 
only important for some points whicn represent the measure-
ment of c~ear sky periods in intermittent clear and cloud 
nights. (e.g. points representing measurements on 10 Sept and 
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11 Sept). For other points, clear sky conditions can be 
assured. 
The main reason for this large RL is more likely due 
to condensing of water vapour on the sensing plate and on the 
inside of the polythene cover. One notice which is common 
for all measurements under this condition is that the plate 
tempenature was always lower than dew point temperature of 
the air (for e.g. at 4am to 5am on 15 Sept, ta = 14.2°0, 
tw = 13.5°0 giving a dew point temperature of 12.5°0, the 
corresponding plate temperature was 8.5°0). Thin film ofwater 
vapour then covered the plate and absorbed long wave radia-
tion, keeping the plate at high temperature than it should he. 
Excluded those points very close to the black body line, 
all the rest of the upper group lie nearly in a straight line. 
Indeed, the regression line for those point is: 
= 
with correlation coefficient r = 0.955 
(cf Swinbank's RL = 1.195 ~T!- 17.09) 
This line is nearl;y· parallel to Swinbank' s line so that 
one may expect that if the c_ondensilllg of water vapour does 
not occur the incoming radiation may be close to Swinbank's 
line. In this case the difference is nearly constant at 8 to 
9 mW/cm2 for the whole range of temperature normally en-
countered in the atmosphere. 
The calculated values of RL in the middle group show no 
trend at all, variation is random within the limited data 
available. In these calculations the outgoing radiation were 
assumed as black body radiation at screen air temperature, if 
the actual temperature of the ground beneath the Funk 
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radiometer were measured, they must be usually lower than 
air temperature giving less outgoing radiation and hence less 
incoming component RL. 
The lower group of points has a majority close to 
Swinbank•s line which support the suggestion made when con-
sidering the regression line of the upper group. Air temp-
erature during the measurements giving the points in this 
group were low so that extra heating were provided. This 
avoided the problem of dew forming on the sensing plate and 
on the polythene cover as in upper gvoup measurements. 
The trends of the three groups are not shown as clear 
in the Rr/Rb versus {e graph as in the RL versus ta graph. 
If straight lines are drawn for the upper and lower 
groups in Fig. 3.24, they are nearly parallel to the Brunt's 
line Rr/Rb = 0.53 + 0.065 {9 except one is at lower and one 
at higher level than Brunt's line. The fact that the re-
gression lines of the upper and lower groups are parallel in 
two graphs showsthat one group of points was having a sys-
tematic error but the trend is the same. This error is, as 
said before, due to the water vapour condensing in the ra-
diometer and can be avoided by extra heating during nigh~ime 
measurements. 
(B) Performance of the radiometer 
1. Response: 
Although the time c-onstant of the radiometer is large, 
it is good enough for the measuring of long wave radiation at 
night because there is no frequent fluctuation as for solar 
radiation at daytime. The figures illustrated show that this 
radiometer was able to respond with the change in cloudiness 
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conditions and giving the variation in long way sky radiation. 
For solar radiation,although the minute fluctuation during~ a 
short period can not be recorded exactly, the average output 
shows a c~ose relationship with the fluctuation. 
2. Reliability: 
In the quantitative analysis where all the points of ex-
perimental results are plotted, it is seen that the measure-
ments in December are in consistent with those in September. 
They form a straight line with good correlation coefficient 
within a large range of temperature. The radiometer can be 
considered to be reliable to give such consistency. 
(C) Accuracy of the measurement 
In the above calculations, there are a few assumptions 
on the transmittance of the cover, absorptivity and emissivity 
of the sensing plate and the efficiency of the heatingelement. 
Although these assumptions were based on results of tests or 
measurements presented in the references, the actual values 
may be different due to difference in construction and weather 
conditions ••• Therefore the effect of these factors in the 
final estimation of the radiation measured can not be assessed 
accurately. If calibration of the radiometer can be made, 
these effect can be eliminated by the effective sensitivity 
of the radiometer. 
Assuming that: the error in estimating TL«L = 0.9 is 10~ 
" " " u E;L = 0.95 is 5% 
the error in temperature = 
the error in Q = 5~ 
Analysis in Appendix 4shows that the percentage error 
for case of maximum RL measured (with extra heating) is 13% 
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and for minimum R1 is 13.6%. The largest error in the group 
are the estimation of T1o<1 and E-1 • If these two factors can 
be known more accurately the overall accuracy of R1 can be 
improved. 
-ooOoo-
C 0 N C L U S I 0 N S F 0 R PART: I 
From the study of long wave sky radiation and the de-
velopment of a simple radiometer for trial measurementsunder 
Christchurch weather conditions the following points were 
concJ.uded: 
1. Long wave radiation from the sky is due to the ra-
diation emission of the three components in the atmosphere 
covering the Earth: water vapour, co2 and o3• The strongest 
emission coefficients for these radiation component lie from 
6 to 8f and ~ 14fi in wavelengths. The region from 8 to 12fl 
is called the "window of the atmosphere" where radiation from 
the Earth surface is freely lost to the outer space. 
2. Calculations to estimate the sky radiation are pos-
sible by using radiation charts which require the measurement 
of air temperature, pressure and humidity at several vertical 
levels in the atmosphere. This method is only useful for 
mete.orological purposes, for engineering{ applications it is 
not of much use because such measurements are usually not 
available. 
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3. Measurements of long wave c~lear sky radiation in 
the past have led to several empirical formulae for esti-
mation of this component from air temperature and humidity 
measurements at the site only. None of those formulae is 
recognised as standard although the three following are 
widely used and the difference is small in the range of temp-
erature enc~untered in engineering applications: 
(a) RL = -17.09 + 1.195 [T! 
(b) 
(c) 
= 
= 
Radiation loss from any surface can be calculated if its 
temperature, emissivity are known or estimated and use one of 
the above equations. For cloudy c~onditions, 0.8 to 0.96 of 
the black body radiation at air temperature is obtained from 
the sky. 
4. The radiometer developed in this study is able to 
show the variation of the incoming sky radiation with changing 
conditions of air temperature and cloudiness of sky. Italso 
enablesthis radiation to be estimated with 13~ accuracry 
provided extra heating is used to avoid dew forming on the 
cover and the sensing plate. Use of this radiometer for re-
cording the variation of solar radiation at daytime is also 
suitable although the quantitative analysis requires further 
study. 
5. Trial measurements of long wave radiation at 
Christchurch with the above developed radiometer during 
September and December 1973 gave results of clear sky radia-
tion close to Swinbank's formula although parts of the results 
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gave 25%to 30~ higher than the values proposed by this 
formula due to systematic error in the measurement. This 
finding is based on limited measurements, because there is 
no past work to compare; further measurements will be required 
to verify this relationship. 
-ooOoo-
RECOMMENDATIONS FOR FURTHER WORK 
1. For the radiometer: 
The developed r~diomete~ can be used tu aarry out 
further measurements to verify the results found from these 
trial measurement$. The method to manufacture hemispherical 
polythene cover described in Ref. (18) is worth trying to 
improve the appearance and performance of the radiometer. 
The direct measurement of radiation intensity can be 
obtained if this radiometer can be calibrated by facing. it 
to a known black body radiator and measure its millivolt 
output (31). This fac::ility is not available in the Department 
at present. 
2. For long wave radaation measurement: 
Precautions must be taken to avoid the cases of low 
temperature or any time where the plate temperature is lower 
than dew point temperature of air which cause the condensing 
of water vapour in the radiometer resulting too high es-
timations. Heating provided by 1 to 2 volts D.C. current 
is suggested to avoid the above problem in any case. 
3. For solar radiation measurement: 
92 
The radiometer showed good response to this type of 
measurement during the test carried out with the solar water 
heater. The quantitative analysis to estimate solar radia-
tion int.ensi ty from temperature of the sensing plate may be 
useful for solar radiation study. A glass hemisphere to 
cover the sensing plate for measuring solar radiation can 
eliminate the long wave component and makes the quantitative 
analysis easier. 
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Programme to calculate vapour pressure e and 
ve of air at dry bulb temp. ta and relative 
humidity% • 
---.-r I 
Cod elf 
·r 
Step l<ey Step I Key Code, ' I 
I 
--+--· 
0: 0! (LEAR.f 20 2: 0! 4 -+ 04: ~---t------ ------ I ~---r-·~----,----
~~n~PH~. ~~R~~r~~ I_T___ ---
'3 • t-;1 ~--i~-- 1---l-- --I I 
: 4 i~)y 53 : 4) 0 00\ 
,-,~-- ---~ r-T·----+--, 
, s 2 Jr ,s,t~ 1---T~--- -- 1-------!---~ 6 2 02 : 6 1 X )6 ~~~~ttl7. c-+ ~-- -I 7 I 4t 25 :;n---,0~1 1~1 ::__ :~:rex. 174, 
,---- --~-~~ --- ---~-"·-~ 
I 9 0 00 I ~_1 __ 2 L --- 1-------
:a i•>Y 5~ , :a 1 6 o6 
:b :b 03 • 21 3 I I 
r r-
.C 5 o5 1 c 1 01 
-----'--' 
I I 
I (!t:~~:.t 37 I 3 03 
:o 3 II Q w 21 4 04 
r r 
I 1 
I 0 00 I 1 I X 36 
:2 6 06 :2 GOTO 44 
I I 
13 X 36 13 4 04 
-~ 
I I ~ 06 11 14 25 14 6 1--- -. ~ 1--- i 
15 ex. 74 15 ci<tatrX. 37; I I 
:6 t 27 ,. :6 • 21 
I 
I 7 7 07 :7 0 00 I I 
:a • 21 :a 6 06 
19 0 00 19 5 05 
:a 8 10 :a X 36 
:b 3 03 :b t 25 
-- ---
lc 
I X 36 lc I eX. 74 
:d GOTO 44. :d 1' 27 
Step i Key Code' 
I 
4! o! 6 ~o6 
I I I ' 
~----T-------r-----
>I' • ~21 ~---[-- - -- ------
: 2 4 04 
r--~----~ -- I ~~ ~'!__- __Q_i! 
I 
I 4 i 7 07 I I , liT ____________ ~ 
I 5 X )6 
1--~- ---~---+---- : 
:6 i 25 
r-
__ I 
I 7 ~ X )6 
:aT-~-r;~ 
~--r-~-"---
~91 0 00 
:~ 0 oo 
I 
• 35 I 
• r-
c t 25 
:d \[i:. I 76' 
I END 510 46 
r 
I 1 
I 
Curve fit 
t ~ 10°C 
f0°C<t<20°C 
t ~ 20°C 
TO CALCULATE: 
SET 
PRESS 
INPUT 
RUN 
GOTO(OO) 
CONTI~"UE 
~ (%) 
+ 
ta (OC) 
t 
Display as: 
z = ~ (%) 
y E ta(OC) 
x ·= ta 
PRESS CONTINUE 
Result 
X ·~ 
l. {9 mb2 
PRESS CONTINUE 
--~-------11 
ting for es: 
e = s 6.134 exp(.07t) mb 
e = s 7.083 exp(.06t) n 
. e = 6.447 exp(.065t) n . s 
APPENDIX 2 Calculations of long wave radiation from 
temperature measurement 
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From charts of temperature variation in mV scale, the 
temperature of the sensing plate and the air can be obtained 
by extrapolation from the table of emf versus temperature for 
copper-constantan thermocouples. 
For each hour of the clear sky period observed, mean 
curves of air and plate temperatures are drawn on the chart 
to measure: air dry bulb ta in °C 
air wet bulb t in °C 
w 
plate temperature tp in °c 
Values of ta and tw enable the relative humidity fO to be 
estimated from psychrometric charts. Vapour pressure e in mb 
is calculated by e = fO es where es = vapour pressure of sat-
urated air at dry bulb temperature. 
When extra heating was ~equired, a Heathkit voltage sup-
plier giving regulated1D.C. voltage from 0 to 50 volt. The 
instrument also shows values of voltage and current on its 
scale. 
Examples of calculations: 
For 13 Sept 1973, from 
0 tp = 2 C , ta 
8 pm to 9 pm, measurement gave: 
= 9°C , tw = 7°C 
Hence fO = 75~ and 
By equation (3.6) 
= 
Black body radiation at air temperature: 
rT 4 = 5.67 X 10-9(282.15) 4 = a 
Ratio Rr/(fT! = 34.2/35.93 = 0.952 
2 35.93 mW/cm 
These values were plotted on graphs of R1 versus ta and 
Rr/{)T! versus {9 as shown in Fig. 3.23 and 3.24 
For 16 Sept 1973, from lOpm to 11pm: 
tp = 6.5°C V = 2 volts 
ta = 5.2°C ~ = 0.85 
tw = 4.8°C R = 5.46 ohm 
• 95 90~ and re •• = 
T4 
= 34.04 mW/cm2 a 
T4 
= 34.68 mW/cm2 a 
R1 = 22.8 mW/cm
2 
= 2.82 mb 
( 0 • 95 X 34. 68 - 12 • 4) 
0.95 X 0.95 
Ratio Rvi~T! = 22.8/34.04 = 0.670 
These were also plotted on same graphs as abuve. 
Regression line for R1 andc [ T!: 
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To find an equation of the form R1 = a + b T! from 
the sets of points obtained, the equations for linear regres-
sion y = mx + b are used: 
m = ~(xi - x)(yi - y) 
~(x. - x) 2 
illl ~ 
b - -= Y- mx 
-
l_x. 
-X = 1.-2:. y n , 
~Y· 
= 
,_____! 
n 
These calculations were carried' out with a H.P. 9100A 
calculator and a Hew~tt Packard standard programme. 
For 32 sets of R1 and ~T! obtained from the measurements. 
on 11 to 15 Sept and on 2, 9, 10 and 19 of December, the re-
gression line was found as: 
2.605 
with r = 0.955 which is a good fit. 
APPENDIX 3 Notes for the uses andlmanufacturing of 
the radiometer 
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1. Expanded polystyrene is a good insulation material 
but for low temperature range only. Above l00°C it melts 
easily, therefore heating of the element:with a voltage 
greater than 8 volts (corresponding to about 12 watts) is not 
recommended. 
2. Because of this low melting point, cutting of poly-
styrene can be done easily by an elec-trical wire connected to 
a D.C. voltage source (12 V car battery for example). 
3. To glue polystyrene together or with other materials 
(cork, Al foils) only Bostik 401W was found suitable. Ados F2 
solution can not be used because it dissolves polystyrene. 
4. To glue perspex, a special solution called Tensol 
No 7 or Tensol No 6 must be used. The former has two liquid 
components to be mixed before use, the mixture does not stick 
to glass and can be removed easily. The latter is an already 
mixed solution and more convenient to use giving same pro-
perties as the former. 
5. Polyethylene cover for the radiometer is the com-
mercial type thin film 0.002" thick, this film provides suf-
ficient protection for the radiometer under heavy rain. Light 
positive pressure int~oduced into the space can be kept for 
about half a day. The cover can be replaced easily in case 
of accidental breakage or when clearness is reduced consider-
ably by dirt. 
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APPENDIX 4 Error analysis for estimation of R1 
Assuming: TL~L = 0.9 , dTL~L = 0.09 
~ =0.95 , d,E~ = 0.047 , 
Q = 12.4 mW/cm , 
dTP = 1°0 
dQ = 0.62 mW/cm2 
Apply to 
Hence 
the case where R1 is largest : 
o I 2 t = 11 C , R1 = 25.2 mW em p 4 2 
ORr/o€1 = a-TP/ T1o<1 = 41 mW/cm 
aRrfoTLo{IJ = ~L~T~ -Q)/(T£'1) 2 = -28 mW/cm2 
'ORr/oTp = (4E-1crT~ )/(T1~,) = 0.55 
dRL = ~ 41 x0.047) 2+(-0.62/0.9)2+(-28 x 0.09)2 
2 +(0.55 X 1)~ ~ 
= 3.3 mW/cm 
Percentage error is 3.3/25.2= 13% 
Apply tm the case where R1 is smallest: 0 t =2. 5 C , R1 = 20.7 p 
similar calculations give: 
dR1 = 2.82 mW/cm
2 and percentage error is 13.6~ 
P A R T II 
STUDY OF SOLAR RADIATION AND THE PERFOR~~NCE OF 
A FLAT PLATE SOLAR WATER HEATER UNDER 
CHRISTCHURCH WEATHER CONDITIONS 
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NOMENCLATURE 
A surface albedo (ratio of the short wave radiation ref-
lected over the short wave radiation comingto a surfacet 
2 collector plate area , m 
a 
A2,A3 ,A4 areas enclosed by curves on temperature chart,in
2 
altitude of the sun, degree 
angle of inclination from the horizontal, degree 
convection coefficient, Btu/hrft2°F or W/m20c 
specific heat of water, Kcal/Kg°C 
emissivity of collector plate 
emissivity of glass 
ratio of thermal resistance of outer glass plate to 
inner glass plate 
F fin efficiency 
F' collector efficiency factor 
F" flow factor 
F0 fraction of radiation absorbed by collector plate 
Fe effective transmissivity-absorptivity product of the 
cover system 
H. incedent angle of sunrays on inclined surfaces, degree 
il:. Hh incedent angle of sunrays on horizontal surfaces,degree 
hw wind coefficient, Btu/hrft2°F or W/m20c 
I incident radiation, Btu/hrft2 or cal/cm2hr 
I 0 critical radiation intensity, Btu/hrft
2 or cal/cm2hr 
Isc solar constant, cal/cm2min 
K ratio of radiation on the Earth Surface over that at 
outside atmosphere for one day period 
ratio of radiation on the Earth surface over that at 
outside atmosphere for one month period 
m water flowrate, Kg/hr 
N number.of astrinomically hours of sunshine per day, hr 
n number of glass cover 
n solar azimuthal angle of a surface, degree 
overall efficiency 
q3 rate of heat loss in cover system, 
rate of upward heat loss, cal/cm2hr 
2 
rate. of heat loss backward, <Hal/em hr 
r 
RDh 
RDi 
Rdh 
Rdi 
RTh 
RT. ·~ 
s 
ta(Ta) 
tp(Tp) 
tl,t2 
t., t ~ 0 
ts(Ts) 
Tl,T2 
At 
ub 
uup 
uo 
v 
w 
t.vs 
z 
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r~te of heat collected by water, cal/cm2hr 
rate of total heat collected by the collector plate, 
cal/cm2hr 
solar radiation intensity on a surface outside atmos-
phere, cal/cm2(hr or day) 
ratio of mean to actual distance from the Earth to the 
Sun 
Direct radiation on horizontal surface , cal/cm2hr 
" " " an inclined surface, " 
diffuse radiation on a horizontal surface, cal/cm2hr 
" " " an · inc lined " , " 
total radiation on a horizontal surface, cal/cm2hr 
" " " an inclined " , 
area coefficient, °Chr/in2 or cal/cm2hrin2 
air temperature, 00 or °F ( 0R) 
collector plate temperature, °C or °F ( 0R) 
glass temperature , °C or °F 
inlet, outlet water temperature , 00 or °F 
" 
effective radiant temperature of the sky,°C or°F ( 0R) 
transmittance of outer and inner glass plate 
temperature difference, 00 
backward heat loss coefficient, W/m20c or cal/cm2°Chr 
upward 11 " " , cal/cm2°Chr 
overall 
" 
II II If 
' 
mean wind speed , mph ( miles per hour ) 
hour angle , degree 
sunset hour angle , degree 
azimuth of the sun, degree 
CONSTANT AND CONVERSION FACTORS 
o= Stefan-Boltzmann constant = 0.173 X l0-8Btu/hr.ft20R4 
1 Btu/hrft2 
1 ca1/cm2 
1 cal/cm2hr 
1 W/m20c 
= 
= 
or= 5.67 x 10-9 mW/cm2°K4 
3.69 cal/cm2hr 
0.0116 KWh/m2 
= 11.6 W/m2 
= 0.086 cal/cm20c 
CHAPTER IV 
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INVESTIGATION OF SOLAR RADIATION IN NEWZEALAND 
AND PARTICULARLY FOR CHRISTCHURCH 
4.1 SOLAR ENERGY- AN INTRODUCTION: 
The Sun radiates as a black body at 6000°C over a spectrum 
stretching from wavelength of 0.29 to 4.75 • Its radiation 
energy in the form of electromagnetic waves travels 93,000,000 
miles (150,000,000 Km) to reach the Earth. At the boundary of 
the atmospheric layer, the intensity of this solar radiation 
is 2 cal/cm2min (2.392 KW/m2 ). This value is called the solar 
constant and was measured to the accuracy of ±1~ by modern 
techniques. 
Before reaching the Earth's surface, these rays have to 
travel through layers of atmosphere which contain ozone, oxy-
gen, hydrogen, water vapour, cs,rbon dioxide and dust particles. 
Some find their way straight through.to the earth surface and 
appear as direct radiation, others, being absorbed in these 
substances or scattered after many reflections, form diffuse 
solar radiation. 
The transmitted energy will thus vary according to the 
distance the sun rays have to travel through the atmosphere. 
At noon when tbe sun is most nearly vertical and the dis-
ts,nce is shortest, the amount of energy received will be great-
est. In early nrorni:Qg or late afternoon the d.istance is greater 
hence less energy is received. 
During cloudy periods, most of the radiation reaches the 
earth surface is diffuse radiation while on clear sky periods 
the ratio of diffuse to direct radiation is only 10 to 15~. 
The overall energy received on a cloudy day is much less than 
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on a clear day. 
The intensity of solar radiation on any site on the earth 
surface can be measured by instruments called pyranometer. 
There are various types of pyranometers in use but the most 
common one used by Meteorological Offices all over the world 
is the Eppley pyranometer (1,2). 
This instrument measures hemispherica,l radiation of wave-
lengths less than 3fA- on a flat surface. The receiving surface 
consists of a central white disc surrounded by a concentric 
black surface mounted horizontally and in the centre of a clear 
spherical glass bulb. The inner surface is coated with highly 
reflective magnesium oxide and the outer ring is coated with 
lampblack. Ten to fifty junction thermopiles are attached to 
the surfaces to measure the difference in temperature between 
the black and white surfaces, the output is recorded by a po-
tentiometer or galvanometer. 
The diffuse component can be measured separately by an-
other Eppley pyranometer with addition of a small disc orring 
to effectively shade the measuring surface from direct sun 
light. Fig. 4.1 shows two versions of the Eppley pyranometers. 
Fig. 4.2 shows a ring device for measurement of diffuse radia-
tion. More discriptions of other types of solarimeters and 
solar radiation instruments can be found in the above re-
ferences. 
4. 2 RADIATION ON A HOIUZONTAJJ SURFACE: 
A horizontal surface on the earth receives both thedirect 
and diffuse components of the solar radiation. 
From the knowledge of solar constant and the position of 
Fig. 4.1 Two versions of the Eppley pyranometer 
Fig. 4.2 A ring device for diffuse radiation 
measurement 
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the place in terms of its latitude, a theoretical value for 
the solar radiation intensity on a horizontal surface can be 
calculated (3). 
The actual total radiation intensity on horizontal sur-
face is usually recorded by Meteorological Offices. In 
New Zealand there are 5 stations to record such data: Ohakea, 
Auckland, Wellington, Invercargill (all from 1954) and Christ-
church (from 1960). Hourly and daily totals of the solar 
radiation are extracted from continuous chart. Total radiation 
per month and average daily insolation are also given. 
A convenient parameter called "K valuen is usually used 
to describe the quantity of incident solar radiation received 
over any given period. It is the ratio of the amount of radia-
tion received by a horizontal surface on the earth 
over that received by a similar surface outside the 
earth's atmosphere during the same period. 
When the period of measurement is a day, the ratio is 
.... 
conventionally written as K and K is used when the period is 
a month. 
For New Zealand conditions, K for most days of the year 
lies between 0.1 and 0.75 corresponding to very dense cloud 
to clear sky conditions. K varies slowly with the seasons 
ranging from 0.3 to 0.7. 
De Lisle (4) calculated values of daily total radiation 
for cloudless sky and normal atmospheric conditions from 
records of duration of bright sunshine. This quantity is re-
corded by Campbell-Stokes sunshine recorder$ consisting of a 
glass sphere which brings the sun rays to a fairly sharp focus 
at a certain distance from it. A paper card is placed at this 
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point and the duration of bright sunshine is the numbers of 
hours and tenths during which the focused sun rays have suf-
ficient intensity to scorch the standard card. 
The relationship for the calculation is: 
n 
= a + b ( ) 
N 
Where RTh is total radiation on the horizontal at the earth~s 
surface. 
R0 is the total radiation on a horzontal surface out-
side the atmosphere. 
n is the hours of bright sunshine. 
N is the astrinomically possible hours of sunshine 
per day. 
a and b are constants, varying slightly with location 
and time of year. Tables showing typical values 
are to be found in the original paper. 
These calculations gave good agreement between the cal-
culated values and the maximum measured values recorded from 
5 weather office stations. 
Benseman and Cook (5) later proposed a standard year solar 
radiation values for 5 representative locations in New Zealand 
based on ll,:year records for Auckland, Ohakea, Wellington and 
Inverca.rgill and 5 year records for Christchurch. 
The selection criteria to select typical months to make 
up the standard year were based on: 
l. The average monthly radiation level: selected months 
must be within i standard deviation of the long term average. 
2. The monthly distribution of daily total radiation i.e. 
the characteristic distribution of K throughout the month as 
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a function of :K. 
3. The sequence of radiation within the month. Their 
analysis gave these standard years for the above 5 locations. 
Table 4.1 Standard Year Radiation Intensities (cal/cm2 perday) 
----
"" - ~--~ 
Months Auck Weltg Ohakea Inver ChCh 
Jan 554 571 578 518 514 
Feb 464 444 495 439 469 
Mar 395 355 370 302 342 
Apr 299 244 271 186 241 
May 195 150 182 124 153 
Jun 157 121 140 88 119 
Jul 186 127 151 144 130 
Aug 242 207 220 181 218 
Sep 342 305 324 294 283 
Oct 415 416 419 389 418 
Nov 485 488 541 476 539 
Dec 532 549 546 538 600 
-
For Christchurch, the mean monthly radiation data from 
1969 to 1973 are presented to compare with this proposed 
standard year. (Table 4.2) 
It can be seen that the proposed standard year frequently 
overestimates solar radiation intensity for the last 5 years. 
The overestimation is larger in percentage for low insolation 
months than high insolation ones, but the absolute differences 
are not so large. Considering the extremely variablecharacter-
istics of solar radiation, this proposed standard year is quite 
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useful to give an idea of how much energy available from the 
sun under Christchurch conditions. 
Table 4.2 Comparisons of Standard Year Radiation and records 
for last 5 years at Christchurch (cal/cm2 per day) 
~ of ~ Standard 69 70 71 72 73 difference 
Jan 514 510 466 417 499 499 + 1 to + 9 
Feb· 469 429 445 446 434 + 5 to + 8 
Mar 342 330 258 294 320 + 4 to +25 
Apr 241 226 237 188 218 + 3 ·to +22 
May 153 126 147 135 143 + 4 to +18 
Jun 119 119 97 88 115 103 + 0 to +26 
Jul 130 135 129 122 113 101 - 4 to +22 
Aug 218 182 184 149 +15 to +32 
Sep 283 251 254 301 289 276 - 2 to +11 
Oct 418 401 387 413 384 389 + 1 to + 8 
Nov 539 482 477 440 461 +11 to +18 
Dec 600 514 530 542 484 522 +10 to +19 
+ for over estimation 
for under estimation 
4. 3 INFORMATION OBTAINABLE FROM THE \rVEATHER OFFICE: 
Besides records of solar radiation on horizontal surface, 
other information on climatological soundings can be obtained 
from Christchurch Weather BUreau such as: 
- wet and dry bulb temperatures for every hour rounded 
to the whole degree except 3-hourly measurements from 12 pm 
(midnight) recorded on the field book at exact readings. 
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- records of wind speed and direction (continuous and 3-
hourly values). 
- degree of cloudiness of the sky in fraction of eighths 
(0/8 for clear, 8/8 for overcast) at 3-hourly basis. 
rainfall rec~ords in mm. 
period of bright sunshine in hour and tenths. This 
information is useful where no records of solar radiation is 
available because estimation of solar intensity can be made 
from the duration of bright sunshine although the accuracy is 
not high. See (4,5) 
From now on W.O. is used to refer to Weather Office • 
4.4 RADIATION ON AN INCLINED SURFACE: 
For meteorological purposes solar radiation intensity on 
horizontal surface is enough but for engineering applications, 
this data only is insufficient. Building surfaces and roofs 
are usually vertical or inclined, the heating and cooling load 
estimations for these situation require the knowledge of solar 
radiation on inclined surfaces. Most of the installations to 
utilize solar energy are also inclined to collect more energy 
from the sunrays. Therefore the estimation of solar radiation 
on inclined surfaces is important for those applications. 
An inclined surface exposed to the sun receives a total 
radiation comprised of 3 components: 
1. Direct radiation. 
2. Diffuse radiation. 
3. Reflected radiation from surroundings. 
Radiation intensity on inclined surfaces is not normally 
recorded by Weather Offices. However, the total solar radia-
tion on such surfaces can always be estimated if the direct 
and diffuse components of the radiation on a horizontalsurface 
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can be separated. 
Liu and Jordan (3) gave the three following relationships 
to enable components of radia"Uion on inc-lined~ surfaces to be 
calculated from components of radiation on horizontal surface. 
Where 
A. Direct radiation: 
= 
RDi = direct 
RDh = direct 
Hi = angle 
Hh = angle 
face. 
X 
cos H. 
~ 
radiation on 
vadiation on 
of incidence 
of incidence 
B. Diffuse radiation: 
(4.1) 
inclined surface 
horizontal surf!ace 
of sunray.s on inclined surface. 
of sunrays on horizontal sur-
It is assumed that diffuse radiation is isotropically 
distributed over the sky. Although there is some error in 
this assumption because there is more radiation in the vicinity 
of the direction of the sun than in other directions, the error 
is small so that the below relation can be used: 
Rdi = 0.5(1 + cos~) Rdh (4.2) 
Where Rdi = diffuse radiation on inclined surface 
Rdh = diffuse radiation on horizontal surface 
o(. = inclined angle of the surface from the horizontal 
C. Reflected radiation: 
Because of the inclination of the surface, it receives 
some portion of the radiation reflected bac-k from surroundings. 
This o:omponent depends on the albedo (i.e. ratio between the 
shortwave radiation reflected and shortwave radiation coming 
into a surface) of the surroundings. 
= 0.5(1 - cos~) A X 
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(4.3) 
A is albedo of surroundings ranging from 0.03 for normal 
field to 0.8 for snow surface. 
In equation (4.1), Hh is usually well-known because it 
can be calculated from the la-titude of the surface and the 
position of the sun. 
cos Hi can also be calculated for any inclined surface 
at any time by this equation: 
cos Hi = sin,,.a coso(+ cos a cos n sino<, 
Where a = altitude of the sun at the t:ime 
~ = inclination from horizontal surface 
(4.4) 
n = solar surface azimuthal angle~i.e. the horizon-
tal c~omponent of angle between the normal to the 
surface and the sun at the time. 
Fig. 4.3 and 4.4 show the picture of all the relevant 
angles. 
A publication of the Commonwealth Science and Industrial 
Research Organisation (CSIRO) at Melbourne,Australia (6) gives 
substantial information on solar positions and theoretical 
radiation intensities for 4 main centres in New Zealand : 
Auckland, Wellington, Christchurch and Dunedin. The following 
data can be found from this pub]ication: 
1. Direct, diffuse and total solar radiation on horizon-
tal surface, vertical surfaces facing several directions and 
surface inclined 45° from horizontal. These are values cal-
culated for clear sky conditions and for each hour of a typi-
cal day in every month. 
2. The sun altitudes, azimuth and incident angles on a 
horizontal surface for each hour of a typical day in every 
I ::dna 
\ 
\ NORMAL TO SURFACE 
\ 
,, 
,,, 
INCLINED 
SURFACE 
HORIZONTAL 
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Fig. 4.3 Solar Radiation on an inclined surface 
NORTH 
/NORMAL 
TO SURFACE 
Horizontal componen~~ 
of sunrays ~ SURFACE 
z = Azimuth of the sun 
n = Solar Azimuthal angle of 
Fig. 4.4 Radiation rays with orientation 
of the inclined surface 
a surface 
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Table 4.3 Incident angles of sunrays on horizontal and 40° 
inclined facing North surfaces. 
22 Oct 22 NOv 22 Dec 
Time ~i Hh H. cosH. Hh Hi cosH. "W\. COS'H~ Hh Hi s J.h ~ '"w60sH~ Lh 
06 
'' 
I 
74 () 77.8° .382 68° 0 68° 0 .22 07 78.2 
.682 80.6 
08 63 62.8 .883 58 64.3 58 67.8 .57 
.877 
09 53 48.5 1.05 47 50.5 47 54 .79 
.967' 
10 44 34.3 1.12 30 37 36 40.4 .go 1.01 
11 36 19.2 1.16 28 24.8 27 29.1 .96 1.o4 
12 33 7.7 1.17 24 16.6 21 21 ~.99 
1.18 1.04 1.00 13 34 13.9 25 19.7 1.01 21 21.5 
14 40 27.3 1.17 32 30.2 28 30 .99 
1.15 .996 .96 15 49 41.8 42 43.7 37 41.9 
1.10 .926 .89 16 59 56.9 52 57.2 
.801 48 55.2 
17 69 70.9 .987 63 70.8 59 69.1 .77 
.649 .510 .54 18 80 86.2 74 85.2 
.138 69 82 
19 .142 84 80 .19 
-~--- --~-~~~·- ~-
Table 4.7 Radiation on horiz.&inc1. surfaces Date:10-12-73 
Direct Diffuse Re±'l. Total w.o. 
Time 11Dh RDi Rdh Rdi Rf RTh RTi Rec. 
05-06 0.8 o.o 3.8 3.4 0.2 4.6 3.6 4 
06-07 16.6 3.6 4.8 4.2 1.0 21.4 8.8 19 
07-08 31.4 18.0 5.3 4.7 1.7 36.7 24.4 35 
08-09 45.5 35.7 5.6 5.0 2.4 51.1 43.1 50 
09-10 57.7 51.9 5.8 5.1 3.0 63.5 60.0 62 
10-11 64.4 61.8 5.7 5.0 3.3 70.1 70.1 78 
11-12 71.3 70.5 6.7 5.9 3.6 78.0 80.0 79 
12-13 64.0 64.0 11.4 10.0 3.5 75.4 77.5 80 
13-14 70.9 70.1 6.4 5.7 3.6 77.3 79.4 80 
14-15 64.4 61.5 6.1 5.4 3.3 70.5 70.2 70 
15-16 54.4 48.6 5.8 5.1 2.8 60.2 56.5 58 
16-17 41.8 32.3 5.4 4.8 2.2 47.2 39.3 45 
17-18 27.7 14.9 4.7 4.1 1.5 32.4 20.5 29 
18-19 13.4 2.6 3.6 3.1 0.8 17.0 6.5 14 
19-20 2.7 o.o 1.5 1.3 0.2 4.2 1.5 3 
TOTAL 627.0 535.5 82.6 72.8 33.1 709.6 641.4 701 
Radiation Intensity in cal/cm2 
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month. These are also calculated for a surface facing North 
and inclined 45° from horizontal. 
3. The time of arrival and departure of the sun for 
typical day in every month. 
Data for .POSitions of the sun. throughout the year can also 
be extracted from sun path diagrams prepared by Lyndon 
Bastings ( 7) • 
From the above references, Hi and Hh can be calculated 
for a typical day in every month. The ratio cos Hi/cos Hh can 
therefore be estimated. Table 4.3 gives values of Hi' cos Hi' 
Hh, cos Hh and hourly mean cos Hi/cos Hh for a surface facing 
North and inclined 40° from horizontal. Calculations were 
done for this particular inclination and on typical days ( 22nd) 
in October, November and December only to enable the perfol~-
ance of the solar water heater under test in the same periods 
to be analysed. 
Necessary data for other inclinations, orientations and 
other months of the year can easily be extracted from the 
above referenc.es and calculated with the aid of a programme 
written to run by H.P. 9100 A calculator. (See Appendix land 
tables 5.12, 5.13) 
In order to calculate the radiation intensity on an in-
clined surface, the direct and diffuse components of total ra-
diation on horizpntal surface must also be known separately. 
Rdh is normally not measured. Estimation of Rdh from RTh 
(total radiation on horizontal surface) can be made following 
the method given by Liu and Jordan (3). It was found that the 
ratio RdnfRTh' on daily basis, is a function of K only. The 
table below extracted from the above reference gives this 
relationship. 
Table 4.4 
0.3 
0.178 
0.4 
0.183 
0.5 
0.188 
0.6 
0.174 
0.7 
0.149 
0.75 
0.125 
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Where Kd = ratio of diffuse radiation over solar radiation 
on a surface outside atmosphere, both are 
measured on daily basis. 
The problem is to obtain K which requires the value R0 
of solar radiation intensity per day on a surface just outside 
the atmosphere and directly above the site. The general 
equation to calculate R0 is: 
J~s Isc cos Hh d('~ W) ws 2~ = 
Where Isc = solar constant = 2 cal/cm2 mim 
r = ratio of mean to actual distance from earth to 
sun. 
= hour angle i.e. the angle between the meridian 
plahe passing through the sun and the meridian 
plane passing through the location under consi-
deration (1 hour angle equals 15 degrees). 
Ws = sunset hour angle. 
More intensive analysis can be found in the original 
paper by Liu and Jordan. 
Incidentally during the period when tests on the solar 
heater were carried out, a research on solar radiation was 
also under experiments. Measurements of total,diffuse andnet 
radiation on the earth surface were carried out by Mrs R. Moran 
from Geography Department. Three Eppley solarimeters and two 
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net radiometers were set up near Christchurch Weather Office 
measuring site, their outputs were integrated automatically by 
a counter and recorded on a Honeywell chart recorder at the 
same time. These data were kindly made available for the ana-
I 
lysis of the performance of the test solar water heater instal-
led at the University Campus. 
Mrs. Moran is working for her Ph. D. research on the pre-
diction of solar radiation from weather recordings. There is 
no doubt that her findings will give useful information for 
later researches on the utilization of solar energy. 
The availability of these da~a, especially the diffuse 
radiation data, helped to avoid complex analysis for the esti-
mation of Rdh and speed up calculations for radiation on in-
clined surface. 
Typical charts recorded for total and diffuse solar radia-
tion on several days of November are shown in Fig. 4.5, 4.6 and 
4.7. The variation of the ratio between diffuse and total 
radiation with cRoudiness of the sky can be seen clearly from 
these charts. 
Tables 4.5, 4.6,and 4.7 show values of total, direct, dif-
fuse radiation on horizontal surface obtained and the corres-
ponding values on a 40° inclined surface calculated from equa-
tions (4.1), (4.2), (4.3), and (4.4). In these calculations 
data of the test solar panel were used as a particular inclined 
surface itistallation. 
« = 40° from horizontal 
A = 0.4 for concrete surface as given by Brooks and 
Miller (8). 
cos Hi/cos Hh from table 4.3 
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Solar radiation on horizontal and inclined surfaces: 
Table 4 .. 5 Date: 25-10-73 Clear Intensity in cal/cm2 
Direct Diffuse Refl. Total W.O. 
Time RDh RDi Rdh Rdi Rf RTh RTi Reo. 
06-07 13.0 5.0 4 0'-" < • 3.5 0.8 17.0 9.3 13 
07-08 28.0 24.7 4.6 4.0 1.5 32.6 30.2 27 
08-09 43.4 45.6 5.7 5.1 2.3 49.1 53.0 42 
09-10 55.8 62.5 6.4 5.6 3.0 62.2 71.1 55 
10-11 66.5 77.1 7.1 6.2 3.4 73.6 86.7 65 
11-12 72.1 84.3 7.1 6.2 3.7 79.2 94.2 72 
12-13 72.3 85.3 8.0 7.1 3.8 80.3 96 .• 2 73 
13-14 68.7 80.4 7.5 6.6 3.6 76.2 90.6 69 
14-15 60.1 69.1 8. 0 ' 7.1 3.2 68.1 79.4 59 
15-16 47.2 51.9 7.8 6.8 2.6 55.0 61.3 46 
16-17 30.5 30.2 8.0 7.1 1.8 38.5 39.1 32 
17-18 16.9 11.0 5.9 5.2 1.1 22.8 17.3 18 
18-19 3 
-
~ 
Total 574.5 627.1 80.1 70.5 30.8 654.6 728.4 574 
- --
Table 4.6 Date: 8-11-73 Intermittent ca1/cm2 
Time Direct Diffuse Ref1. Total W.O. 
RDh RDi Rdh Rdi Rf RTh RTi Reo. 
06-07 0.6 o.o 4.8 4.3 0.3 5.4 4.6 3 
07-08 1.9 1.3 7.8 6.8 0.5 9.7 8.6 7 
08-09 1.6 1.4 14.9 13.1 0.8 16.5 15.3 13 
09-10 1.4 1.3 15.1 13.3 0.8 16.5 15.4 13 
10-11 1.8 1.9 18.0 15.9 0.9 19.8 18.7 16 
11-12 2,4 2.5 24.2 21.4 1.2 26.6 25.1 22 
12-13 2.5 2.6 26.3 23.2 1.3 28.8 27.1 24 
13-14 12.0 12.1 35.2 31.0 2.2 47.2 45.3 41 
14-15 53.1 53.0 14.4 12.7 3.2 67.5 68.9 59 
15-16 50.1 46.4 9.1 8.1 2.8 59.2 57.3 49 
16-17 40.6 32.6 13.9 12.3 2.5 54.5 47.4 45 
17-18 23.6 12.0 4.8 4.2 1.3 28.4 17.5 23 
18-19 7 
Total 191.7 167.1 188.4 166.3 17.8 380.1 351.2 322 
-
Table 4.7 appears on page 114. 
Tllie~efore = 
= 
0.883 Rdh 
0.0468 RTh 
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The programme in Appendix 4 was used to speed up these 
calculations. 
It can be seen from the above tables that during November 
and December an inclined surface like this panel receives less 
solar radiation than a horizontal surface. This is true be-
cause the ratios cos Hi/cos Hh are often less than 1 for most 
hours of the day and just above 1 at midday periods. Analysis 
for January will show the same effect but for other months of 
the year RTi must always be greater than RTh for a 40° inclina-
tion because this is the inclination calculated for maximun 
collection throughout the year. During the test periods, 
October was the month when this inclined surface received maxi-
mum intensity. In this month, the sunrays at midday periods 
are nearly normal to the surface and ratio cos Hi/cos Hh are 
always above 1.1 resulting in high intensities in clear days 
although the total radiation on a horizontal surface i~ not as 
large as in clear days of November and December. Further ana-
lyses for other months of the year in connection with solar 
water heating application are presented in tables 5.12, 5.13 
and 5.14. 
CHAPTEH. V 
5.1 REVIEW: 
THE PERFOR~~NCE OF A FLAT PLATE SOLAR WATER 
HEATER UNDER CHRISTCHURCH CONDITIONS 
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In New Zealand, the Department of Science and Industrial 
Research (DSIR) had carried out researches on solar energy and 
possible utilization of this unlimited source several yearsago. 
Solar water heating applications have also been attempted 
by individuals thr0ughout New Zealand for some time although 
not much information can be obtained on the performance ofthose 
units. 
In a paper published in 1966 (9) Benseman, a research 
member of DSIR, concluded that only solar water heating and 
perhaps space heating offer any immediate promise for New Zealand 
climate and weather conditions. 
In the same paper, he described briefly an instrument 
developed by his research office and called the Sun Simulator. 
This was used to carry out Solar Analogue Studies of water 
heating and other applications using Solar Energy. The advantage 
of this instrument is that variation in the factors such as 
ratio of collector area to tank capacity, amount of insulation 
on both collector and storage tank, materials for the collector 
plate etc. can be examined under identical situations so that 
comparisons can be made. Such experiments are certainly not 
practical to be carried out under actual conditions. 
The typical installation of a flat plate solar waterheater 
is shown in Fig. 5.1. A collector plate made of metal sheet 
on which water tubes are bonded on is exposed to the sunrays to 
collect energy. Copper or galvanized steel are normally used 
SUN """ RAYS~"' 
~~ 
COLLECTOR 
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HOT WATER SUPPLY 
Solar Stor 
STORAGE 
TANK 
12"min 
THERMOSTAT 
HEATING 
ELEMENT 
SUPPLY( 
Fig. ~~1 Typical Thermosiphon System Installation 
SUN RAYS 
THERMOSTAT 
& HEATING ELEMENT 
GLASS PLATE 
~-vOLLECTOR PLATE 
HOT WATER OUT 
Fig. 5.2 Solar Water Heater proposed by Benseman 
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for both plate and water tubes. To prevent excessive heat 
loss, the top surface is insulated by glass plates with air 
spaces between and the bottom surface by some suitable m~ 
terials such as fibreglass, rock or mineral wool; s~aand saw 
dust were also used in some places but proved not very effective. 
Cold water is supplied to the storage tariK at the bottom 
through pressure reducing valve or float control valve as in 
ordinary hot water system. Cold water then flows down to the 
lower end of the collector plate and through the tubes on it. 
While faowing through these tubes, the water is heated by the 
energy collected from sunrays and flows back to the storage 
tank at an inlet near the top of this tank. 
The flow in this system is due to the thermosiphon effect, 
i.e. the effect of difference in densities between hot and cold 
water, hot water is less dense and rises. For efficient opera-
tion and minimum amount of back siphoning at night, the upper 
end of the collector plate where water flows out from thepanel 
must be at least 12" below ·the point where cold water leaves 
the storage tank. The connection pipes must also be short and 
insulated to minimize heat loss. Extra insulation for the 
storage tank is also required if this tank has to be outside 
as in the case when the solar panel is placed on the roof. Con-
ventional heater and thermostat control can also be installed 
at the middle of the tank to boost the system during unfavour-
able conditions. 
Several results of the Solar Analogue Studies with the 
help of the Sun Simulator and followed by actual experiments on 
some units were presented in the paper referred above. The 
conclusions were: 
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1. In general, efficiency is proportional to the quantity 
of incident radiation and does not differ greatly between:.sum-
mer and winter. 
2. Performance improved with bigger collector, but doubling 
the area from 30 to 60 ft 2 improves the economic performance by 
only 45~. 
3. In the thermosiphon system, the optimum store capa-
city, i.e. the capacity from the top of the cylinder tank to 
the level where hot water from the panel enters the tank is 
about 20 gallons. See Fig 5.1 • 
Benseman also proposed a type of solar water heater where 
the storage tank can be ple.ced at the same level and right 
behind the collector plate as shown in Fig. 5.2 • However no 
data on the performance of such a unit has been mentioned in 
the paper. 
A complete different design of solar water heater has been 
made and installed at Wainuiomata, Wellington by S.A. Vincze. 
Some technical notes published in Solar Energy 1971 (10) gave 
the performance of that unit based on results of some tests 
during August and September 1969. 
The so called "High-speed Cylindrical Solar Water Heater" 
has characteristics as shown in Fig. 5.3 • It was stated in 
the notes that such a unit developed a maximum of 0.980 KWh on 
a day having solar radiation record of 333 cal/cm2 and a mi-
nimum of 0.724 KWh on a day receiving 289 cal/cm2 solar radia-
tion on a horizontal surface. The true efficiency of the unit 
could not be assessed because the author did not estimate the 
actual radiation impinging on the unit which should be more 
than the Weather Office records due to inclination of the set 
12'7 
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A ;;=-
OUTER GLASS HOUSE ll It -vII CYLINDRICAL HEAT 
-----,. !-~COLLECTOR .ANDSTORAGE 
INNER GLASS HOUSE ---t-
AIR SPACES 
Capacity: 22.2 litre 
Projected area of collector: 
0.186 m2 
Total cooling surface: 
2 
0. t45 m 
Inclined 63° from horizontal 
It-
VESSEL 
LU..J---- .ANNULAR SPACE FOR 
WATER PASSAGE 
1--- PLASTIC CYLINDRICAL 
GUIDE 
Fig. 5.3 Vincze's High-Speed Cylindrical 
Solar Water Heater 
128 
up and reflection from the roof. 
As the threat of power shortage becomes clearer after a 
bad winter in 1973, when power rationing was imposed to restrict 
consumption and water heating was cut off during daytime, solar 
energy as a supplement source to electricity has regained 
interest. 
Several solar water heating units have been installed in 
Christchurch over the years and some available information (11) 
proved that the savings were significant, up to i of annual 
power cost. 
In order to obtain detailed information on the performance 
of solar water heater under Christchurch conditions such as 
how much energy was developed, how efficient is the collection 
and c~onversion to water heating, a test unit was built by the 
workshop of the Mechanical Department of University ofCanterbury 
and installed on the roof of the Chemical Engineering Building 
in the University Campus. 
This study served as a start for further researches on 
the utilization of sola,r energy to be carried out by the Me-
chanical Department in coming years. 
5.2 DESCRIPTIONS OF THE TEST PANEL: 
(A) THE HEATER: 
The design of this test panel was based mostly on the in-
formation given in the circular No. 2,1964 of the Division of 
lVIeo:ha:Jflical Engineering CSIRO named "Solar Water Heaters". (12) 
Some modification were made to suit the wooden. casing 
instead of pressed steel casing as described in the original 
paper. 
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Following are the general characteristics of the panel, 
more details of the design and manufacturing of the unit can 
be obtained from the above reference. 
Overall dimensions: 1.12m X l.l?m (3'.8" X 3'.10") 
Collector plate: 
Size . 
• lm X lm (after forming) 
Material: gauge 26 copper sheet, semicircles formed to 
accomodate water tubes. 
Water tubes: 7 copper tubes, 26 gauge, -!" O.D., each 
lm long. 
Spacing 145mm, datum at centre line of the plate. 
Headers : 1" O.D. copper tubes, 26 gauge, each 1.3m 
long 
Surface : painted matt black. 
Tubes are brazed onto headers and soft soldered to 
collector plate on formed semicircle grooves. 
Insulation: 
Top: double glazing with 1" air space between glasses 
outside glass: 32 oz. clear glass, 42~" X 44~" 
inner glass 26 oz. clear glass, 41~" X 43~" 
l"space between inner glass and collector plate 
Bottom: 2" fibre glass wool covered by !" hard board. 
No edge insulation but fibre~glass insulation is ex-
tended about t" beyond the edges of the plate. 
Casing: wooden frame made from 1n X 5-!" dressed wood, pro-
tected from weather by 26 gauge gavalnized iron flashings. 
One side of the frame is removable to allow alterations 
if necessary. 
The unit was reasonably air-tight and kept water-proof by 
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Sealastic strips around the edges of the outer glass which was 
mounted on rubber U section. Fig. 5.4 and 5.7 show the col-
lector plate and the assembly. 
(B) INSTRUMENTATION: 
20 thermocouples were bonded to the panel in various posi-
tions to record the temperature variations. 
Fig. 5.5 shows the positions of these thermocouples. 
All thermocouples are of copper-constantan type. 
Thermo-
couple 
No. 
1 to 7 
8 to 11 
12 
13 
14 
15 
16 to 19 
20 
Position 
on underside of collector plate as 
shown in Fig. 2.4 
on the outside of the back cover 
Fig. 2.6 
water outlet 
water inlet 
upper air space between inner glass 
and collector plate 
lower air space -ditto-
on the inside surface of the outer 
glass, directly above Nos 1, 2, 6, 7 
air space between glasses 
(installed later, from 1-11-73) 
Size 
30 gauge 
30 gauge 
30 gauge 
30 gauge 
26 gauge 
26 gauge 
30 gauge 
26 gauge 
Tfiese thermocouples were connected to the terminal block 
located at the lower corner on the back of the panel. 
In order to keep a continQous record of the wet and dry 
bulb temperatures of the air, 2 copper-constantan thermocouples 
gauge 26 were placed in a white louvred box located beside the 
panel. 
OUT LET 
L 
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Fig. 5.5 Positions of thermocouples in the panel 
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Outputs of all the thermocouples were recorded by a Brown 
Electronik 24-channel chart l1ec_order placed in a chamber built 
under the solar panel. 
5.3 EXPERIMENTAL SET UP: 
The solar panel was set up on the roof of the 5-storey 
Building of the Chemical Engineering Department. 
The panel was pivoted above a stand 3 feet above the roof 
surface made of Dexion and wood. The stand provided a chamber 
to accomodate a chart recorder and a thermosflask contain4;ngri~e 
cubes served as 0°C reference junction for thermocDuple measu-
rements. Concrete weights were also placed on 4 corners of the 
stand to prevent the whole installation being flown away during 
strong winds. 
Two pivots on the sides of the panel enabled the inclina-
tion to be set at any angle from 0° to 70° from the horizontal. 
No facility was provided. to vary this angle or the facing of 
the panel automatically during the day. 
For the initial study of this project, it was decided not 
to have the complete thermosiphon system installation as in 
Fig. 5.1 • Instead, a forcedl c:ircnlation system was used where 
water from a constant head tank 12 ft above the roof level 
flowed through the panel, being heated and then discharged to 
the drain. The installation and water aircuit is shown in Fig.. 
5.7, 5.8, 5.9, and 5.10. 
During the test period, from 10 October 1973 the panel 
was set fac~ng due North and inclined 40° from the horizontal. 
This angle was chosen because it is the optimum angle of in-
clination for maximum collection throughout the year at 
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Fig. 5.6 Close up view of the solar panel 
Fig. 5.7 Installation of the test (North face) 
Fig. 5.8 The test panel looking from 
North - West 
R~)IOt\E'fEl. I 
I 
Fig. 5.9 Back side of the panel 
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Fig. 5.10 Thermosflask for reference junction 
thermocouple and the recorder under-
neath the panel 
Fig. 5.11 Louvred box for air temp.measurement 
Chnistchurch latitude (43.5°S,) as suggested by Morse and 
Czarnecki (13). 
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From the terminal block, all thermocouples were connected 
individually to the recorder and their outputs were printed 
on a chart running at 2" or 1" per hour. Due to difference 
in the type of thermocouples used and the built-in compensation 
junction of the measuring cirrruit, the outputs were not re-
corded directly in. degrees but in mV values on a 0 to 5 mV full 
scale range. 
5 • 4 THE·: EXPERIMENT : 
During the earlier period of the test, due to problemsof 
too large fluctuation in water flowrates during the day and the 
inc_onsistent performance of the recorder, no ~uanti tative ana-
lysis could be done. 
As seen in Fig. 5.6, there were two i" stop valves in the 
water circuit, one at the supply point and one at the outlet 
from the panel. The first valve was kept fully opened all the 
time, flowrates were varied by setting the opening of the se-
cond valve. 
During the period from 10 October to 25 October 1973, at 
the same valve setting the flowrate could vary up to 50~ from 
10 a.m. to 8 p.m. See Fig. 5.12. 
This fluctuation in flowrate did not follow any particular 
pattern as seen from this figure. Checks on the head tank and 
the supply point gave satisfactory performance, therefore the 
trouble rrould only result from the coarse characteristics of 
these stop valves. For such low flowrat·es, small variation 
in stem position could cause large fluctuations in the flow. 
40 
30 
20 
10 
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FLOWRATES Kg/hr 
(needle valve) 
7/10 
~~,__~~11it----....IIC--~ 8/1 0 
8am 9 10 11 12 1pm 2 3 4 
·-· -·--41 9/10 
17/10 
5 6 7 8 
22/10 
(needle val;ve) 
CLOCK 'l'INIE 
9pm 
Fi~. 5.12 Variation in water f1owrates 
at the early stage of the test 
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A needle valve was then replaced, at the outlet from the panel. 
Improvement was clearly noticed as shown in the same figure. 
During the same period, the ehart recorder also did not 
function properly. The slide wire and printing mechanizm de-
veloped faulty print and judder movement. These faults caused 
the readings of the thermocouple outputs to be too low andsome 
times completely wrong because the potentiometer part in the 
recorder did not ~unction. These faults were noticed when 
comparing the air temperature recorded on the chart with the 
records of 3-hourly temperatures measured at the Christchurch 
Airport by the Weather Bureau. There was a consistent 3° to 
4°C difference between these two records. Experience from pre-
vious experiments in Part I and Weather Office records showed 
that there may be only 1° or 2°C difference between the two 
places. 
G·eneral cleaning of the macrhine., its measuring mechanizm 
and re-calibration were done to ensure reliable results in 
later records. 
BROKEN INNER GLASS: 
On 19 October 1973, a clear and sunny day which theWeather 
Office recorded 542 cal/cm2 solar radiation on a horizontal 
surface during 12 hours 48 minutes of bright sunshine, the out-
let valve was intentionally turned to very low flowrate just 
after 10:10 a.m •• The temperature of the water increased and 
reaahed the point 110°0 after 30 minutes, see Fig. 5.13, when 
a crack occurred on the inner glass of the panel. The crack, 
initiating from a small crack produced on the top left corner 
during installation ran down to the bottom end. The valve was 
then turned fully on to avoid built up of pressure inside the 
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tubes which might lead to bursting of ·these tubes. Boiling 
water and steam rushed out as the consequence of throttling 
process. 
No further trial of this type has been made but it was 
clearly demonstrated that a panel of this type could be used 
to produce steam. The broken glass was replaced several days 
later. 
Also from 19 October 1973 the radiometer developed for 
long wave radiation study in Part I was set up on the siteand 
its output recorded on the same chart with other thermocouple 
readings. The output of this radiometer is, in effect, the 
temperature of a black plate which free-ly exchanges radiation 
with the sky while c~onvective heat transfer is kept minimum by 
a thin polythene cover. The variation of the plate temperature 
of this radiometer will have a close pattern with the variation 
in solar radiation and this record printed on the same chart 
with other measurements shows the distribution of solar int.en-
sity throughout the day. 
During the test period, data for hourly total radiation 
on a horizontal surface and weather records such as the cloudi-
ness of the sky, wind velocity, wet and dry bulb air tempera-
tures were obtained from Christchurch Weather Office. Valuable 
data on total and diffuse solar radiation for most days during 
the test period were also obtained from Mrs. R. Moran of Geo-
graphy Department who was working on her research at a site 
near Weather Office measuring site. 
These data, together with those recorded at the panel 
site are necessary for the analysris of the performance of the 
solar heater. 
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In general, the climatological situations are much the 
same between the installation site and the place where the ob-
tained data were measured which are only 3i miles apart. How-
ever in some days when patens of c~oud were scattered at low 
altitude,the solar radiation intensity may differ quite con-
siderably. One area may be obstructed from the sunbeam for 
half an hour or so while other places receive full sunshine. 
This effect can be seen on the day 6 November 1973 between 
1 p.m. to 2 p.m. where the: -radiometer record at the site showed 
a drop in solar intensity while Weather Office record showed 
little change in the.same period and Mrs. Moran's data gave 
the intensity of 70 cal/cm2 from 12 noon to 1:00 p.m., 68 cal/cm2 
from 1 p.m. to 2 p.m •• See Fig. 5.14. 
Typical records produced, by the chart recorder are shown 
in Fig. 5.13 and 5.14. The ~ontinuous lines were hand-drawn 
from all the recorded points to allow measurements and calcu-
lations necessary for the analysis of the performance of this 
unit. 
5. 5 THEORETICAL ESTIMATIONS ON THE PERFORMANCE OF THE TEST UNIT: 
Based on the method described by Whiller (15) the analysis 
in Appendix 2 showed that this test unit has these properties: 
Transmittance of outer glass: T1 = 0.850 
Transmi ttanoe(:of inner glass: T2 = 0.864 
Fraction of solar radiation transmitted through glasses 
and absorbed by the collector plate having absorptivity o< =0. 95 : 
F0 = 0.705 
Effective transmissivity - absorptivity product: 
Fe = 0.748 
This product makes allowance for the effect that theheat 
so 
1: 
Fig. 5.14 Chart of temperatur~ variation 
during daytime Operation 
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absorbed by glasses raises the glass ~emperatures and reduces 
the rate of outward heat loss from collector plate. 
The above values are calculated for normal incident sun-
rays, for other angles of incidence corrections are provided 
by graph in the original paper. 
Upward heat loss coefficient: 
Uhp = 0.298 cal/cm2hr °C (0.61 Btu/hr ft 2 PF) 
This is extrapolated from the graph in that paper assum-
ing average plate temperature tp= 40°0 (104°F) and air tern-
Assuming also that the backward heat loss is 1/10 of 
the upward loss and other losses are negligible as proposed by 
Whillier, the overall heat loss coefficient for this unit was 
estimated~ as 
Fin efficiency factor for this particular tube spacing: 
F = 0.975 
For a 60 lb/hr flow of water through this panel the 
collector efficiency factor F' = 0.912 • This factor varies 
with flowrate and with different design of the collectorplate. 
The flow factor between the fluid and the heatexchanger 
was claculated as F" == 0.956 for 60 lb/hr flowrate. This 
factor also varies with flowrates. 
Overall efficiency of heat transfer: F0 = F' X F"= 0.872 
For other flowrates, this efficiency varies as below: 
Flowrate 9 Kg/hr 18 Kg/hr 27 Kg/hr 36 Kg/hr 45 Kg/hr 
Fo 0.800 0.832 0.872 0.880 0.890 
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5 .:6r ACTUAL PERFORMANCE OF THE TEST UNIT: 
The performance of this test panel will be examined in 
the following analyses: 
1. Qualitative analysis: 
In this part, the temperature distributions through all 
the measuring points in the panel are examined during heating-
period as well as during night-time conditions. The response 
of the panel to incident radiation is also studied. 
2. Quantitative analysis: 
This was carried out for some typical days in the 3 month 
period of the test. It is hoped that the results of this ana-
lysis will give relevant and useful information on some of the 
characteristics which most people want to know about solarwater 
heaters. Because of the short-term limit of this initial study 
no economic considerations c:ould be assessed but the following 
points were considered: 
The energy developed by this test unit during typical 
sunny, c:loudy and intermittent days. This collected energy is 
expressed in terms of familiar energy units so that comparisons 
can be made. 
The efficiency of collection and overall efficien~y of 
conversion from solar energy to useful heating power. 
The temperature which water can be heated up at some 
particular flowrate and insolations. 
The period of the day one can expect to heat water by 
solar energy. 
The distributions of all the main heat flow components 
occurring in the panel. This detailed analysis enables modi-
fications on the unit to be added at right places to reduce the 
loss and increase efficiency of the operation. 
(A) QUALITATIVE ANALYSIS: 
From the continuous records of the outputs from 19thermo-
couples installed inside the panel, it is possible to examine 
the daily variation in temperature of inlet, outlet water, col-
lector plate, glass and air space insulations. 
1. Variatipn of collector plate temperatures: 
Fig. 5.4 shows the positions of 7 thermocouples bonded to 
the collector plate. 
Thermocouples No. 1, 4, 7 are bonded in the centre line 
of the plate where water tube is also soldered on. In general, 
during the heating period temperature at point 4 is 1° to 2°0 
lower than temperatures at point 3 and:5. There is also an in-
crease up to 20° to 25°0 from lower end to upper end (i.e. fol-
lows the flow direction of water). At night time there is 
little variation between these temperatures. Typical variation 
is shown in the table below: 
Date: 6-11-73 Temperature in °C 
I 
·1 I . 
i ! j ! I -1-~~ .. t?l 
I 6 I 5 I 3 I 2• l I . I 
i ~7 
! of tubes 
~Time 6 am 9 am 12 3pm 6pm 9pm 12pm 
T .0. No"- noon 
1 18.5 27.0 63.5 32.2 27.0 23.0 23.0 
3 16.0 25.0 57.5 29.0 25.0 21.2 21.0 
4 17.0 24.0 57.0 28.8 25.0 22.0 22.0 
5 17.1 25.8 58.6 30.2 26.0 22.5 22.2 
7 16.5 22.0 38.5 25.7 23.8 21.8 21.8 
Air 10.0 14.0 23.0 19.0 18.5 19.5 17.5 
~-
In the direction across the panel there is an increase 
in temperature toward the centre as shown in the table below. 
Thepeason is due to more concentration of insulation at the 
147 
centre of the panel and some losses cannot be avoided around 
the edges of the plate. 
Date 6-11-73 Temperature in °0 
~Time 6am 9am 12 3pm 6pm 9pm 12pm 
T.C.No~ noon 
--
2 14.8 24.0 57.0 28.5 24.0 20.2 20.5 
3 16.0 25.0 57.5 29.0 25.0 21.2 21.0 
5 17.1 25.8 58.6 30.2 26.0 22.5 22.2 
6 15.2 24.0 58.6 28.5 24.2 21.0 20.5 
Air 10.0 14.0 23.0 19.0 18.5 19.5 17.5 
tp 16.5 24.6 55.0 29.0 25.0 21.7 21.6 
-t is average of 7 temperatures on the plate p 
2. Variation of inlet and outlet water temperatures: 
The temperature differences between inlet and outlet vary 
daily depending on the intensities of solar radiation and the 
flowrates of water. With c.onstant flowrate, this variation 
follows the pattern of the solar radiation impinging on the 
surface. 
The variation of inlet water temperature has close rela-
tionship with variation in air temp.erature. This is because the 
water had to flow through more than 20 ft of polythene hose 
laid on the concrete surface of the roof before entering the 
panel. Its temperature rose a little as the concrete heated 
up slowly under solar radiation bec:ause of the large thermal 
inertia of the surface. However, on flowing through thepanel 
the water collected much more heat and the temperature dif-
ference reached a maximum of 32°0 for a flowrate of 20.4Kg/hr 
on a sunny period 6-11-73 (Fig. 5.14). On 10-12-13, maximum 
temperature difference was only 16°c for a flowrate of 36.9Kg/hr 
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as shown in Fig. 5.17. Typical variation: 
Date: 6-11-73 Temperature in °C 
~ 6am 9am ~6on 3pm 6pm 9pm 12pm • 
Inlet 18.5 22.0 31.0 25.2 24.5 24.0 24.5 
Outlet 16.8 26.0 63.5 31.0 26.2 22.5 22.5 
Mean 17.6 24.0 47.2 28.1 25.3 23.2 23.5 
Dil:ni:fug the period of the test (October, November, December) 
the outlet water temperature starts to bec.ome higher than tern-
perature of inlet water about 1 hour after the sun rises and 
begins to drop below inlet temperature 1 or 2 hours before sun-
set. At night time, inlet water temperature is always the 
highest among others and normally 1 or 2°0 higher than outlet 
tempe~ature. This heat loss is transferred to the collector 
plate to compensate for its radiation loss and keeping itstem-
perature always at least 2 or 3 degrees above air temperature. 
One may expect the temperature of outlet water to conti-
nue to be higher than the inlet temperature until the sunsets 
because of the thermal inertia effect of the panel. However 
the records showed that this is not true. The reasons are: 
The thermal capacity of this panel is not large so that 
the time lag between the moment of incident radiation and the 
steady state equilibrium is only an hour or less. 
Referring to table 4.3 of incident angles of solar 
rays on this inclined surface for these period, the surface 
of this panel did not receive any direct sblar radiation until 
just before ?am in the morning nor after 6 pm in the after-
noon. 
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There is a critical intensity below which no useful 
heat can be produced because the heat collected must raise the 
whole temperature of plate to a sufficient level before heat 
can be transferred to the water. 
According to Liu & Jordan (3), this critical intensity 
is estimated as: 
For this panel, Ic = 0.33(25 - 15) 0.748 
2 
= 2.5 cal/cm hr 
This is well justified, because in the early hour after 
sunrise and an hour before sunset solar intensity is normally 
less than 3 ca1/cm2hr. 
3. Variation of outer glass temperature: 
Thermoc.ouples No. 16, 17, 18, 19 were bonded to the under 
surface of the outer glass by araldite glue. It is assumed 
that the thermal resistance of this glass plate is small so 
that these temperature are very ~lose to the temperatures on 
the outer surface. (The actual thermal resistance of this 
glass plate (0.15" thick) was calculated as 0.0036 m2 0 0/W, 
compared with the resistance 0.108 m2 0 b/W of a layer of fibre-
glass having the same thickness it is really small). 
In general, these temperatures are close to each other, 
diff.erences are normally less than 1 °C except during bright 
sunshine periods when there i1s a temperature gradient from the 
lower en.d to the upper end of the plate. Little variation ac}-
cross the panel was recorded. 
At night time, these 4 temperatures are normally close 
to air temperature for cloudy conditions while they can bewell 
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below air temperature during clear night sky conditions due to 
radiative cooling effect. Some amount of heat is transferred 
to the panel by convection from the air during these periods. 
Ty.pical variation is shown in the table below: 
Date: 6-11-73 Temperature in °0 
~ 6am 9am 12 3pm 6pm 9pm 12pm noon • 
16 11.0 18.2 39.0 23.2 20.8 18.2 18.0 
17 10.8 17.5 37.8 22.8 20.8 18.2 18.0 
18 11 .. 0 17.5 37.8 23.0 20.4 19.0 19.0 
19 12.5 18.0 35.5 23.0 22.2 20.0 19.0 
Air 10.0 14.0 23.0 19.0 18.5 19.5 17.5 
Later when calculations were done for the heat loss com-
ponents, it was found that these glass temperature were too 
high, especially during sunny period, for the rate of heat loss 
upward calculated. Reasons for it crnuld be due to bad contact 
with the glass surface so that these temperatures were not~true 
glass Fbe;mp:eratures but some intermediate value between air 
space temperature and glass temperature. (3 of these 4 thermo-
couples lost contact with the surface and dropped down later 
in the test). Some amout of solar radiation absorbed by the 
glass may also raise its temperature and cause more heat loss 
from glass to air than the actual upward heat loss from col-
lector plate. 
However, the above variation still showed the pattern of 
variation of the·actual glass temperature to some extent. 
4. Variation of air space temperatures: 
a. Air space between collector plate and inner glass: 
There are 2 thermocouples in this @pace, one near the 
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upper erid and one near the lower end on the centre line of 
the panel. 
The upper temperature is usually the highest temperature 
arnpng those recorded. This shows the effectiveness of glass 
insulation whose characteristics is opaque to long wave radia-
tion. Most of the heat is trapped above the collector plate 
and the convection current causes higher temperature at the 
upper point than the lower point. 
b. Air space between glasses: 
One thermocouple was placed in this air space at thetime 
of the replacement of the broken inner glass. This air space 
temperature is lower than the above air space temperaturesand 
higher than those on the glass surface as expected. Its va-
riation compared with the inside space temperatures is shown 
below: 
Date 6-11-73 Temperatures in °0 
.....____ 
~ Time 6am 9am 12 3pm 6pm 9pm 12pm 
Space temp • ...____ noon 
Upper 17.0 27.0 65.0 32.2 26.5 22.0 22.0 
Lower 15.0 24.0 54.5 29.0 24.2 23.0 23.0 
He tween 14.5 23.0 49.0 28.5 24.5 20.5 20.5 
glass 
Air 10.0 14.0 23.0 19.0 18.5 19.5 17.5 
5. Va:r:,~ation of back cover temperatures: 
Little difference among the 4 temperatures on the back 
cover was recorded although there seems to be a small increase 
of this difference in the flow direction during heating period. 
At night time these temperature are close to air temp,era-
ture and can be 1°0 lower than air temperature on some clear 
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nights. This and the faQt that these back cover temperatures 
may also be lower than air temperature during cloudy and rainy 
periods at day time means that no heat is lost to the back 
under those conditions, the panel may gain some heat from the 
air instead. 
The table below shows variation of back cover temperatures: 
Date 6-11-73 Temperature in °c 
~ 6am 9am 12 3pm 6pm 9pm 12pm noon • 
8 12.2 16.0 25.7 22.8 20.5 21.2 19.2 
9 12.0 16.0 27.0 22.5 21.5 20.5 19.2 
10 11.8 17.0 28.0 23.3 22.8 20.5 20.0 
11 11.8 15.0 25.5 21.3 20.0 21.2 18.1 
Air 10.0 14.0 23.0 19.0 18.5 19.5 17.5 
Fig. 5.15 shows the overall temperature distribution at 
2 sections of the panel on a sunny period. 
6. Cycle of operation: 
From the above temperature variations of all the main 
components in the panel, the operation of a solar water heater 
like this test unit seems to follow a cycle which can be des-
cribed as below: 
During the early hours of day time, usually one to two 
hours from sunrise, the collector plate picks up solar radia-
tion and raises its temperature as well as temperature ofother 
components up about 10°0 above air temperature. From then, the 
heat collected is transferred mostly to the water and becomes 
useful heating power while a smaller part is lost to surround-
ings through upward and baQkward direction. Even in a com-
pletely overcast day the amount of diffuse radiation collected 
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Fig. 5.15 Temperature distribution across the 
panel during heating period 
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can also be enough to keep the panel temperatures up andtrans-
fer some useful heat to water. However, no useful heating can 
be expected during a rainy period because radiation intensity 
is so low that the collector plate becnmes cooler than inlet 
water and it absorbs heat from the water to compensate for the 
radiation loss. Because plate temperature never becomes lower 
than air temperature but it is always at least 2 to 3°0 above, 
useful heating can still be expected when some amount of sun-
shine follows the rainy period. 
The normal useful heating period lasts until about an 
hour before sunset. From then outlet water temperature begins 
to drop below inlet temperature as heat is removed from the 
flowing water. All temperatures are rather constant through-
out the night and normally higher in a cloudy night than in a 
clear and c:alm night. This is the clear effect of consider-
able radiative c:ooling under clear sky condition. 
Later in the test, those thermocouples on the same com-
ponent were grouped together to measure the mean temperature 
of that c:omponent. This reduced the number of points on the 
chart to 12 and showed more clearly the variation of mean tem-
perature of main components in the panel. 
Fig. 5.16 to 5.19 show the cyc:le of operation of the solar 
panel and the effect of clear and cloudy sky conditions on both 
night and day time. 
The identifications of ail the points in those charts 
are shown in the table below: 
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(E) QUANTITATIVE ANALYSIS 
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Measurement of 
Radiometer temperature 
air space between glasses 
dry bulb temperature 
wet bulb temperature 
mean back cover temp. 
mean temp. of air space 
above plate 
mean temp. of water tubes 
Inlet water temperature 
Outlet water temperature 
mean glass temperature 
mean temp. of plate without 
water tubes on 
In these calculations, it is assumed that the heat col-
lected by the collector plate will be distributed in the fol-
lowing ways: 
1. lost upward by radiation and convection. 
2. lost backward through fibre glass insulation. 
3. collected by water through temperature rise and be-
comes useful heating power. 
'l'he edge heat loss is assumed negligible compared with 
the above three components. 
1. Heat loss upward through radiation and convection: 
According to Hottel (16), this component of heat loss is 
governed by the following variables: 
v 
wmn 
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Fig. 5.20 Heat transfers occurring in the 
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- the plate temperature 
- the air and effective sky temperature 
- number of glass plates and spacing 
- angle of inclination of the collector surface 
- wind velocity over the site 
For this particular panel, referring to Fig. 5.20, the 
rate of heat loss from collector plate to the first glass~±s: 
The first term of the equation is the convection loss due 
to air space between the collector plate and inner glass, C is 
convection coefficient. The second term is the radiation heat 
loss due to the difference in surface temperature between the 
collector plate and inner glass. 
From the inner glass to the outer glass the same rate of 
heat loss again composed of c.onvection loss from the top sur-
face of inner glass to the bottom surface of outer glass and 
radiation loss due to difference of temperature between these 
two surfaces. 
No radiant heat from the collec::tor plate is transmitted 
through the inner glass to reach the outer glass because glass 
is opaque to long wave radiation. 
As the thermal resistances of these glass plates are small 
and neglibible (see part A3), there is little difference bet-
ween temperatures of top and bottom surfaces of the same glass 
plate and average temperature t 1 , t 2 can be assumed for inner 
and outer glass plates. 
Hence 
q2 = C(t - t )5/4 + 1 2 
From the outer glass surface to the sky: 
In these equations: 
tp = collector plate temperature 
tl = inner glass temperature 
t2 = outer glass temperature 
c = convection coefficient 
€p = emissivity of collector p1at.e 
Eg = emissivity of glass 
hw = wind coefficient 
ts = effective sky radiant temperature 
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This ts is the temperature at which the atmosphere above 
a place radiates long wave radiation to the surface as a black 
body. Various values are proposed for this temperature cor-
responding to climatological conditions. In general, it is 
lower than air temperature during c·lear sky period but very 
close to air temperature in cloudy days. For Christchurc:h con-
ditions, this effective sky temperature is not well established 
although some trial measurements have been carried out in the 
study from part I, dry bulb temperature of air was used 
instead. 
For steady state condition, the rate of heat loss upward 
is 
These equations can be solved by trial and error to give 
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Qup' temperatures of glass are estimated eac-h time. However, 
Hottel & Woertz (15) combined those relationship to obtain an 
equation to enable direct calculation of Qup when tp and ta 
can be measured. The equation, proved valid for all the range 
of temperatures involved in flat plate collectors by the 
authors, is expressed as: 
t - t (T4 - T4) 
Qup p a + a (5 .. 1) = 
n +1.... 1/Ep + (2n+f-l)/eg - n 
(tp-tayt h 
C n+f w 
Where n = numbers of glass plates 
f = ratio of thermal resistance of the outer plate to 
the inner plate. The average value for 10 mph wind 
is o. 36 • ffecause of the effect of f on Qup is small, 
this value is assumed for all following calculations. 
From Whillier (14), the extrapolated value of C for an 
40° inclined surface is 0.20 Btu/hr ft 2°F and these emissivi-
ties were used: 
0.95 
0.88 
Hence, the Qup expression for this case can be writtenas; 
tp - ta + O.l73xl0-8('Tri-T!) 
10/(0.424(tp-ta))f+l/hw 2.871 
To compute Qup mean values of the plate temperature and 
the air temperature are estimated from the recorded data for 
each hour. The values for hw are estimated from mean wind 
speeds taken as average of 3-hourly values recorded by the 
Weather Office at Christchurch Airport. 
(5.2) 
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From Ref. (14), hw = 1 + 0.3V where V = wind speed in mph. 
The expression for Qup above requires tp, ta in Farenheit 
degrees, TP, Ta in Rankine degrees and ~ in Btu/hrft2°F to 
give Qup in B~u/hrft 2 • From the data recorded, tp, ta are es-
timated in Celsius degrees. To speed up calculations, a pro-
gramme for H.P. 9100A calculator was written and Qup in 
cal/cm2hr is obtained directly for every input of tp, ta in °C 
and hw in Btu/hrft2°F. See Appendix 3. 
z,~h Heat loss backward through fibreglass insulation: 
For this calculation, the overall u~coefficient for the 
back insulation is estimated from data given in IHVE (Institu-
tion of Heating and Ventilating Engineers) Guide Book 1967. 
Referring to Fig. 5.20, the back insulationcomprises of: 
Inside surface of plate 
Small air space between plate 
and fibreglass 
2" fibreglass, havin~ conduct-
ivity = 0.035 W/m C 
i" hard board, having conduct-
ivity = 0.094W/m°C 
Outside surface 
Resistance = O.l5m2°C/W 
Resistance = O.llm2°C/W 
Resistance = 1.45m2°C/W 
Resistance = 0.0675m20c/W 
Resistance = 0.0495m2°C/W 
(Assume: - average 5mph wind speed over back cover 
- sheltered and inclined 45° 
- heat flow downward) 
Total resistance = 1.8270m2°C/W 
:. Overall coefficient Ub = 0.548 W/m20c 
Hence backward heat loss is given by: 
Qb = UbAp(tp - ta) 
Where tp, ta are hourly average temperature. 
Or Qb can be calculated from measurement of ar~a enclosed 
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by mean tp and ta lines on charts. See Appendix 5. 
3. Useful heat collected by water: 
This is the useful component of heat flows and calcula-
ted by: 
• 
cP Llt Qw = m 
• where m = flowrate in Kg/hr 
cP = specific heat of water = 1 Kcal/Kg°C 
b.t = inlet-outlet temp.erature difference oc 
The integrated values of Qw for each hour are calculated 
from measurement of areas enclosed by inlet and outlet waten 
temperatures. 
The detailed procedures given in Appendix 5 enable the 
abo~e three components of heat distribution to be estimated 
from records of daily variation in temperatures of water, col-
lector plate and air. 
4. Results of the analysis: 
The following tables and graphs show results of the ana-
lyses carried out for some typical days in November and 
December. 
The nett area of the collector is taken as 1 square metre. 
Hourly rate of heat collection and heat distributions are cal-
culated in cal/cm2 but the total useful energy collected by 
the water and mean power of the solar panel are expressed in 
KWh and KW to enable comparisons with ordinary heating units. 
The radiation intensities on this panel were estimated 
from total and diffuse solar radiation records obtained from 
Mrs. R. Moran following the analysis in section 4.4 • On days 
when no such records are available (30 Nov and 4 Dec) estima-
tions were made based on Weather Office rec:ords of total radiation. 
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On these two days, the sky was almost cloudy throughout 
the day so that it is possible to assume that all the values 
recorded are diffuse radiation on horizontal surface. The 
corresponding radiation on a 40° inclined surface was then 
given by: 
0,883 Rdh + 0,0468 RTh 
0.93 RTh 
In these tables, total heat collected by the collector 
plate is 
The percentage of collection is calculated as 
QT 
X 100 
Q RTi 
The efficiency of heat transfer is Qw x 100 
Q T 
The overall efficiency is 1 = Rw X 100 Ti 
Bright sunshine periods and radiation records appearing 
on every graphs are obtained from Christchurch Weathev Office. 
Useful heating perioill was taken as the time duringwhich 
outlet water temperature remained higher than inlet water 
temperature. 
Typical calculations for hourly and daily results are 
shown in Appendix 5. 
(C) DISCUSSION: 
Studying the results shown by these graphs and tables, 
the following points may be noticed. 
1. Ener&y collected: 
Over the period of the test on the panel, the range of 
performance extended from a maximum collection of 4.46 KWh on 
a clear day 10 December to a minimum of 0. 36 KWh on 30 November, 
where there was no sunshine (some rainy periods) and the air 
temperature was low. The actual maximum energy that could be 
r:-
\.0 
r-1 
t t v Clock p a 
time-
period oc oc mph 
06-07 17.0 10.0 5-2 
07-08 20.5 11.3 5.2 
08-09 24.7113-5 5.2 
09-10 28.0 14.5 11.5 
10-11 39-5 17.6 11.5 
11-12 55.0 22.3 11.5 
12-13 50.4 23.5 17.8 
13-14142.0 23.5 17.8 
14-15 35-3 20.8 17.8 
15-16 26.8 17.0 11.5 
16-17 27.0 17.6 11.5 
17-18 26.0 18.5 11.5 
18-19 24.0 18.0 6.9 
TOTAL PER DAY 
TABLE 5.1 DATE: 6-11-73 
~p n ~b Qw 
2 
cal/cm % 2 caljcm % 2 cal/ em 
1.62 83.0 0.33 17 
-
2.21 35.2 0.41 6.4 3-66 
2.80 27.0 0.50 4.8 7.10 
3o5 22.8 0.59 3.8 11.25 
6.21 17.1 0.97 2.7 29.20 
10.23 15.1 1.48 2.2 56.00 
8.23 14.4 1.22 2.2 46.50 
5o34 15.0 0.84 2.3 29.50 
3-98 16.4 o. 65 2.7 19.6 
2.49 26-3 0.44 4.6 6.54 
2.39 27.9 0.42 4.9 5, 76 
1.88 29.2 0.33 5.1 4.23 
1.46 [56. 8 0.25 9.7 0.86 
52-34 \18.6 8.43 3.0 220.20 
FLOWRATE: 18 K /hr g 
~ 
QT Radiation 2 QT Qw cal/cm ~~i 2 Intensity R.ri % cal/ em R,..,. Rdi I R:r R.ri % % .ul. 
-
l. 95 
-
2.82 0.16 2.98 
- -
58.4 6.28 0.56 7.48 0-45 8.49 74.0 43.1 
E8.2 10.40 1.46 14-90 0.87 17.23 66.2 41.2 
73-4 15.34 2.41 21.80. ,1~27 25.48 60.3 41+.2 
80.2 36.38 20.50 . 26.00 2.32 48.82 74-4 59.9 
82.7 67.71 52-70 20.80 3-47 76.97 88.0 72.8 
83-4 55-95 39.60 28.80 3-29 71.69 78.0 64.8 
82.7 35· 68 33-70 31.20 3-22 68.12 J) if'f'e renee in sunshine 
80.9 24.~3 6.54 22.20 1.48 30.22 80.0 64.6 
69.1 9-47 1.55 13.90 0.81 16.26 58.4 40.3 
67.2 8.57 2. 62 11.70 0.77 15.09 56.8 38.2 
65.7 6.44 0.87 9. 68 0.59 11.14 57.8 38.0 
* * 
~! 
* 33·5 2-57 0.14 3-54 0.23 3.91 65.6 22.0 
78.4 280.98 ~93-42 71.5 56-5 
.. -
* Estimated values,not recorded. 
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DATE: 6-11-7.3 FWIIRATE: 18 Xg/hr 
\Y,O, RADIATION RECORD: 328 ca1/
0
m2 
SUNSHJNE PERIOD: 2 ht' 18 min 
USEFUL HEATING PERIOD: 12 hr 
TOTAL ENERGY COLLECTED: 2.56 K'Rh 
MEAN POWER OF THE P.ANEL: 0.217 Kif 
OUTLET \VATER 'l'EMP. 
HEAT l!'I.O'R DISTRIBUTION 
t . ~ .. _· -1 ~: . 
...r-·~ . ...., 
,--.,_-"-• __r--• 4-. -"'"\.-.• 
-------r---..r---""'-----....--- :.._ .. ____ --~· 
5am 6 7 8 9 10 11 12 1prn 2 3 5 6 7 8 9prn 
0'\ 
1.0 
r-1 
Clock t t v p a 
time-
period oc oc ~h 
i 
06.-07 25.2 17.0 6.9 
07-08 32.6 20.0 6.9 I 
08-09 33-7 21.0 6.9 
09-10 42o5 22.5 13.2 
I 
I 10-11 41.8 22.7 13.2 
I 11-12 46 • ., 23.5 13.2 
112-13 56.6 25.2 19.0 
113-14 53.2 25.5 19.0 
14-15 5o .. o ,2p .. 2 I 19.0 
39.8 24o3122.4 15-16 
16-17 38.5 24-3 22.4 
17-18 31.1 23.0 22.4 
18-19 26.1 21.3 19.5 
TOTAL PER DEI 
T.ABLE 5.2 DATE: 7-11-73 FIOWRATE: 18 Kg/hr 
Qup Qb Qw QT 
I, 
Radiation 1) 2 QT ~ Intensity_ ca em 
-: 
ca.1/cml % ca.1/cm2j ca.1/cm2 R.ri ~~i cal/ em<: % 
" 
%i Rdi Rf' B.ri % % 
" 
2.04 54.4 0.36 9.6 1.35 36.0 3.75 2.14 5-94 0.8; 11.93 31.4 11.3 I 
3-35 20.21 0.55 3·3 12.10 1 76-5 16.60 8.70 16.30 1.4€ 26.46 62.7 48.0 ' I 3o40 I 17o5 0.58 3.0 15.40 I 79.5 19.3a 7-75 20.40 1.49 29. th- 65.4 52.0 
5. 78 15-3 0.90 37.78 16.78 29.80 2.40 48.98 77.1 63.5 2.4 31.10 I 82.3 
35.36 1 9.97 69.8 1 
5·49 15.5 0.87 2.51 29.00 I 82.0 29.60 2.02 41.59 85.0 
6.91 15.7 1.05 2.4 36.00 I 81.9 43.96 27.90 28.40 2.76 59.06 74.4 61.0 I 
9.98 67.02 51.60 21.60 3-48 76.68 87.4 72-5 114.9 1.44 2.1 55.60 83o0 
8.63 I 67.35 86.5 l4o8 1.25 2.2 48.40 83.0 58.28 137.20 27.00 3-15 72.0 
7·57 15.2 1.11 2.2 41.20 I 82.6 49.88 135-30 24.00 2.94 62.24 80.1 66.3 
2.6 1 21.85 1 81.1 26.94 22.40 
I I 4.40 16-3 Oo 69 23.40 2-37 48.17 55.9 145.4 I I 
2.8 I 18.40 1 79.9 23.03 23.41 3·99 17-3 o. (4 12.10 2.02 37-53 61.4 49.0 
I I I - I 2.12 120.8 0-38 3·7 I 7.70 I 75·5 10.20 6.50 10.30 1.14 17.94 56.9 41.8 I 
136.6 I * * * * . -1.18 0.21 6.6 1.83 156.8' 3.22 0.55 5-30 0.47 6.32 50.9 29.0 I 
€4o84 16.4 10.03 2.5 320.53 81.1 395.40 ~33.89 74.1 61.0 
*Estimated values,not recorded 
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DATE: 7-11-73 FI.OWHATE: 18 Kg/hr 
W.O. RADIATION RECOHD: 472 cal/cm2 
SUNSlill1E PERIOD: 6 hr 24 min 
USEFUL HEATlNG PERIOD: 12 hr 
TOTAL ENERGY COLLECTED: 3. 72 KWh 
3 4 5 6 7 8 9pm 
CLOCK TIME 
HEAT FI.O\V DIS'l'RIBUTION 
3 lj,. 5 . 6 7 
170 
i 
- I 
r-1 
t-
r-1 ~~lock t t v p a 
time-
period oc oc rqph 
0&-07 22.0 l4o5 4.. 6 
07-08 23.0 JA-.7 4.6 
08-09 25.4 16.0 4.6 
09-10 28.,0 18.0 8.0 
10-ll 30o4 19.1 8.0 
111-12 33.0 20.0 8.0 
1 12-13 1 34.3 20.5 10.4 
I 
I 13-14' 41.0 22.0 10.4 
14-15 49.5 22.8 10.4 
15-16 45.0 23.2 10.0 
16-17 35· 6 22.2 10.0 
17-18 30.6 21.5 10.0 
18-19 25.1 19.0 10.0 
TOTAL PER D.AY 
--
T.ABIE 5.3 DATE: 8-ll-73 
~ Qb ~ 
2 
cal/cm % 2 ca:l/cm % 2 cal/ am 
1.81 84.2 0.34 15.8 
-
2.02 65.4 0.36 n.6 0.71 
I 
2:.34 31.9 0.45 6.1 1 4-55 
2.56 30.3 0.44 5-2 5-46 
2.95 28.0 0.49 4.6 7.10 
/ 
3-48 23.9 0.58 4.0 10.50 
l 
3-74 23.0 o. 61 3·7 11.90 
5-42 17~4 0.87 2.8 24.80 
8.07 16-3 1.21 2.5 40.10 
6.40 16.6 0.99 2.6 31.20 
3· 66 20.4 o. EO 3.4 13.65 
2-37 28.4 0.42 5.1 5-55 
1.50 66.1 0.26 ... 1.4 0.51 
46.32 22.1 7. 62 3-5 156.03 I .. 
-----------
E!LOWRATE: 18.9 Kg/hr 
2 (,_,J QT Radiation ~ ~ Intensi.t:v cal/cm ~~i 
cal/cm2 R.ri % Rni Rdi Rf ~i % % 
-
2.15 
-
4-30 0.25 4 .. 55- 47-3 
-
23.0 3-09 1.32 6o85 0.45 8. 62 35.8 8.2 
62.0 7o34 1.41 13.10 0.77 15.28 48.0 29.8 
64.5 8.46. 1.33 13.30 0-77 15.40 54.9 35-5 
67.4 10.54 1.86 15.9 0.93 18.69 56.4 38.0 
72.1 JA.. 56 2.50 21.4 1.24 25.14 57.9 41.8 
. 73.2116.25 2. 64 23.2 1.34 27.18 59.8 43.8 
79.8 31.09 12.15 31.0 2.20 45-35 68.6 54.6. 
81.2 49-38 53.00 12.72 3.16 68.88 71.7 58.3 
80.8 38.59 46.40 8.06 2.77 57.23 67.4 54·5 
76.2 17.91 32.60 12.30 2.55 47.45 37-7 28.8 
66.5 8.34 12.00 4.24 1.33 17.57 47.5 31-6 
* * * 4.84* 46.9 22.5 2.27 0.83 3-54 0.47 10.5 
' 
74-3 209.94 356.18 59.0 44·4 
* Estimated va1ues,not recorded. 
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Fig. 5.23 DATE: 8-11-73 Fl.Ol'IHATE: 18.9 Kg/hr 
W, 0. RADIATION RECORD: 322 cal/cm2 
S'UNSHINJ!; PERIOD: 4- hr 36 min 
USEFUL HEATING PERIOD: 10 hr 36 min 
TOTAL ENERGY COLLECTED: 1.8 KY/h 
lr!EAl'l PO'IIER OF THE PANEL: 0.17 K'N 
,. ... --- ... .._ 
; \ ,, ./''-..._,,..- ..... 
---- - ,.-----,."' ~ ' .... 
,; 
-----~--' INLET WATER TEMP • 
9 10 11 12 1pm 2 3 4- 5 6 7 8pm 
CLOCK TIME 
I ' . · : -_: ~ t .i•-
HEAT FLOW DISTRIBUTION 
, . ..., 
_j '--·-, 
.-- . 
i 
- :~ 
,:--:::-1 
·-·_j '--·--, 
• ..._r-. __.,_ .. --r- '-- • 
7 8 9 10 11 12 1pm 2 3. 4- 5 
I"') 
1:'-
r-1 
I Clock 
I time-
period 
06-07 
07-08 
08-09 
09-lo 
10-11 
11-12 
12-13 
13-14 
I 14-15 
115-16 
1 
t~ t v p a 
oc oc mph 
21.5 13.0 10 
22.5 13.0 10 
23.5 13.2 10 
,:~}~5 13-5 10 
26.0 14.0 10 
24.5 14.0 10 
24-.2 14.2 10 
22.5 14.0 10 
TOT.AL PER DAY 
T.ABLE 5.4 DATE: 30-11-73 
~p Qb ~ 
caljcm2 % 2 caljcm % 2 caljcm % 
2.o7 59.5 0.40 11.5 1.01 29.0 
2._34. 40.1 0.45 7.8 3.04 52.1 
2.56 37-9 0.48 7.1 3-71 55.0 
2.48 37.2 0.47 7.1 3-71 55· 7 
3.o5 29.4 0.56 5.4 6.75 65.2 
2. 63 26.6 0.49 5.0 6.75 68.4 
2.50 29.9 0.47 5.6 5.40 64.5 
2.08 66o0 0.40 12.7 o. 67 21.3 
19.71 36.2 3-72 6.8 31.04 57.0 
FLOWRATE: 31. 5 Kg/hr 
QT Radiation 2 QT Q~ I Intensit cal/ em 
2 
* 
~i ~~il cal/ em Rni Rdi Rf' R.ri % % I 
6.50 
- -
3-48 14.80 24.8 7-2 
5.38 16.70 35o0 18.2 
6.75 19.60 1 34-4 18.9 
6. 66 15.80 42.0 23.5 
I 
10.36 24.20 42.8 28.0 
9.87 20.40 48.4- 33-0 
8.37 15.80 53-0 34-2 
3-15 10.20 31.0 6.5 
4. 65 - -
54.47 138.65 39.2 22.4 1 
* All estimated f'rom W.O. radiation record. 
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DATE: 30-ll-73 l''WNRATE: 31.5 Kgjhr 
2 W.O. RADIATION RECORD: 169 cal/cm 
SUNSHINE PERIOD: o hr oo min 
USEFUL HEATING PERIOD: 7 hr 20 min 
TOTI>..L ENERGY COUECTED: 0.}62 Klih 
i'I.EAN POWER OF THE PANEL: 0,05KN 
----------- --- ......... ___ ... _ 
,.,----1-
lll'LET WATER TEMP. 
i 
8. 9 10 11 12 1pm 2 3 4 5 6 7 8pm l 
CLOCK TIME 
-_-, __ · ~--- __;::___::_ __ ,_' -
cAL;cJI- __ ·_ . . . . . . . . . . . 
--:-,-~:-~--;~:-=-~----::::_-~--~ 
llliAT FLOW DISTRIBUTION 
--o- R.ri '. 
··-! 
. ~-c~ 
~~---~~~~~~~~~~--~~==~--------~~--T4J~~tl 
6 7 8 m I 
. p 41 i"' :.:;,)~,.::: '-:; '-~:cJI 
L __ .. : __ i_-~ ~ JL 
I!'\ 
t-
r-1 Clock 
t t p a 
time-
period oc oc 
06-07 21.0 19.0 
07-08 22~5 19.5 
0$-09 23.2 20.8 
09-10 24.0 21.0 
10-11 24.0 20.5 
11-12 25.0 21.5 
12-13 27.0 22o3 
13-14 29.8 22.8 
14-15 35-3 24.3 
15-16 36.6 25.8 
16-17 31.1 26.2 
17-18 27.0 24.5 
18-19 25.0 23.0 
TOTAL PER DAY 
TABLE 5.5 DATE: 4-12-73 
v ~p Qb I Qw 
mph cal/ em::: % cal/cm % cal/cm 2 I 2 
13.8 0.45 83.3 0.09 16._] 
-
13.8 0.70 8.).3 0.14 16.7 -
13.8 0.56 27.7 0.11 5-5 1-35 
19.0 0.71 22.1 0.14 4.4 2.36 
19.0 0 .. 83 15-5 0.15 2.8 4-38 
19.0 0.84 13o1 0.16 2.5 5-39 
21.8 1.16 10.4 0.22 2.0 9-75 
21.8 1.80 10.8 0.37 2.2 14-50 
21.8 3-00 9.3 0.50 1.6 28.65 
21-3 2.97 9.0 0.49 1.5 29.65 
21.3 1.25 7.4 0.23 1.3 15-50 
21-3 0.60 12.6 0.12 2.5 4.08 
17.8 0.47 . 38.2 0.09 7-3 o. 67 
15.34 11.4 2.81 2.1 ll6.24 
-----
--------------- --- ---
FLOWRATE: 31.5 Kg/hr 
QT Radiation l/ 2 QT Qw I t "ty ca em n ens1 
R.ri ~-R.ri 2 * % cal/ em ~i Rdi Rf R..ri % % 
-
0.54 2.80 
- -
-
0.84 3o72 
- -
66.8 2<0<02 6.51 31.0 I 20.8 
73-5 3.21 9-30 34-5 25.4 
81.7 5-36 13.00 41.2 33-7 ! 
84.~- 6-39 15.80 40.5 34.1 
87.6 11.13 27.00 41.2 36.1 
87.0 16.67 35.00 47.6 41.4 
89.1 32.15 50.20 63 .. 8 57.0 
89.5 33-11 49.60 66.5 59.2 
91.3 16.98 36.00 47.2 43.0 
I 
84.9 4. 76 13.00 36.7 31.1 ! 
54.5 1.237 6.50 19.0 10.3 
86.5 134-39 268.43 50.0 43.4 
-----·---
* All estimated from W.O. radiation record. 
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DATE: 4-12-73 FlDWRATE: 31.5 K&/hr 
2 Y<.O. RADIATION RECORD: .-292caljcm 
SUNSHih~ PERIOD: 2 hr 24 min 
USEFUL HEAT DIG PERIOD: 10 hr 20 min 
TOTAL ENERGY COLLECTED: 1.}5 KWh 
MEAN POWER OF THE P.ANEL: 0.131 ¥:11 
,· 
' 
7 8 9 10 · 11 12 1pm 2 3 4 5 6 7 8pm 
CLOCK TIME 
HEAT FlD'fl DISTRIBUTION 
!-·--;- . -···: 
---~--,---~-~-~-
11 8pm1;:1 
·-----·- ·- ------ -·~ ···--·-·-- ------ ~-->-----~-:-_:-
1 --::.: 
: __ ].__~: 
12 3 4 .. 5 6 7 1pm 2 
t-
t-
,..; 
Clock 
time-
period 
06-07 
07-08 
08-09 
09-10 
10-11 
11-12 
12-13 
13-14 
14--15 
15-16 
16-17 
17-18 
18-19 
t ta v p 
oc oc mph 
20.5 12.8 2.9 
22.0 13.5 2.9 
23·9 14·5 2.9 
25.1 15.2 6.3 
26.9 16.2. 6-3 
32·5 17.2 6.3 
31.9 17.2 9.2 
32.0 17.5 9.2 
30.2 17.5 9.2 
26.3 16.0 11.5 
23.0 15.0 11.5 
'TOTAL PER DAY 
---
TiffiiE 5. 6 D.Nl'E: 6-12-73 
~p Qb ~ 
-::: 
cal/ em"&. % 2 cal/cm % 2 ca1/cm % 
1.83 83.6 0.36 16.4- - -
2.o5 83.7 0.4-0 16.3 - -
2.31 30o5 0.42 5.5 4-.85 64.0 
2.4-7 22::.1 0.4-3 3.8 8.30 74-,1 
2:.72 19-5 0.4-6 3-3 10.75 77.2 
4-.08 14.1 o. 67 2.3 24-.25 I 83.6 
3o92 14--5 0. 63 2.3 22.50 83.2 
3.87 14.7 o. 63 2.4- 21.80 82.9 
3.33 15.7 0.57 2.7 17.30 81.6 
2::. 62 18.1 0.4-5 3.1 11.4-2 78.8 
1.96 4-1.1 0.38 8.0 2.4-3 50.9 
'}~ .. ~6 19.4- 1 5.4-0 3-4- 123.60 77.2 
FtoWRATE: 32.4- Kg/hr 
QT Radiation 2 QT ~ T~tensit cal/ em ~i lf-2 l1.ri ca1/cm ~i Rdi Rf ~i % % 
2.19 0.02 3.21 0.17 3.4-0 - -
2.4-5 0.20 8.04 0.41+ 8. 69 - -
7.58 0.54- 16.81 0.92 18.28 4-1.5 26.5 
11.20 5.66 30.67 1.92 38.25 29.3 21.7 
13.93 1.13 28.72 1.58 31.4-3 41+.3 34-.2 
29.00 1.08 25.89 1.4-2 28.39 Difference I 
27.05 1.o3 20.74- 1.15 22.92 in sunshine 
26.30 4-.12 I 36.4-1 2.12 42'. 65 61.7 51.1 
2:1.20 4-.86 34-.05 2.04- 4-0.95 51.8 4-2.2 
14.4-9 1.25 23.28 1.30 25.83 56.1 41+.2 
4--77 0.4-3 11.80 o. 65 12.88 37-0 18.9 
0.12 6.90 0.38 7-4-0 - -
0.03 3.57 0.20 3.79 - -
160.16 284-.96 56.5 4-3o5 
() 
r-
1 
! 
! 
i. 
! 
f, 
~­
i. 
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D.hTE: 6-12-73 FIDWRATg: 32,4 Kgjhr 
2 W.O. RADIATION RECORD: 295 caljcro 
SUN3HI~~ PERIOD: o hr oo min 
USEFUL HEATIN(} PERIOD: 8 hr 25 min 
TOTAL ENC.!<GY COLlECTED: 1.43 KWh 
1~AN POWER OF 'l'HE PA.1-IEL: 0,170 ~ 
OUTLET WATER TEMP. 
I 
, ...... , 
·-.. ,, .. , .. --/ ~::~:~~:;.·--·-- -----------
5am 6 7 8 9 10 Il 12 lpm 2 3 4 
-... _______ .. ---" 
5 6 7 
I 
Spm. i 
~--~--~--~--~--~--~--~--~L---L---~--J-~---~1--~~~ ~ 
J..-_ 
5SJn 6 7 8 9 10 11 12 1pm :?. 3 
-"'·--' · .c_~_:::~~-L:::::_L_: i.=.: -~ :.:.._ --- -~ --·--
'"-::)_, 
HEAT FIDVl DISTRIBUTION' 
- i 
4 5 6 
~ I 
~p c --
~ .. ':c-i-_-::J-'-"--j 
7 
--) 
TIMEj 
8pm. ·-L· : . -. . . . . 
Ci\ 
t-
r-1 Clock t tal v p 
time-
period oc 00 mph 
05-06 
06-07 21.7 1.4-.4 5.7 
I 
07-08 26.0 15-3 5.7 
08-09 31.8 16~6 5-7 
09-10 35.6 18.0 12.7 
10-11 39.9 19.8 12.7 
ll-12 41.8 20.6 12.7 
12-13 41.2 21.0 12.7 
13-14 41.2 21.0 12.7 
14-15 39o8 21.5 12.7 
15-16 35o9 21.5 11.5 
16-17 31.0 20.6 11.5 
17-18 25.6 19.4 11.5 
18-19 22.6 18.0 8.6 
TOT.AL PER DAY 
-----
T.ABLE 5~ 7 
Qup Qb 
I 
2 r 
cal/ em % cal/ em~ 
l. 76 85.0 0.31 
2.70 20. 7 0.47 
4.03 14.2 o. 67 
4.85 11.2 0.79 
5-71 10.6 0.90 
6.10 10.2 0.95 
5.79 9.8 0.92 
5-79 9-7 0.92 
5.19 10.0 0.83 
3·95 9-9 o. 65 
2o75 ll.l 0.47 
1.53 23.4 0.27 
1.09 83.2 0.22 
5lo22: 11.61 8.33 
DATE: 10-12-73 FLOWruTE: 36.9 Kgjhr 
~ QT Radiation / 2 ~ Q,y I t ·tv cal em n ens1. 
R.ri ~-:R.ri 2 2 
Rni I Rdi % cal/ em % cal/ em Rf R.ri % % 
3.39 0.21 3. 61 - -
15 - - 2.07 3· 61 4.23 1.00 8.84 - -
3·6 9.88 75.7 13.05 17.97 4-72 1.72 24-.40 53.5 40.5 
2.3 23-70 83-5 28.40 35.74 4.96 2.39 43.10 65.9 55.0 
1.9 37-5 86.9 43-14 51.92 5-14 2.97 to.03 71.9 62.5 I 
\ 87.7 61.80 5.02 3.28 70.10 76.9 1.7 47·3 53-91 67.5 
1.6 52.8 188.2 59.85 70.55 5.92 3.65 80.12 74·7 65o9 
1.5 52.5 88.7 59.21 63-98 10.04 3-53 77-54 76.4 67.7 
1.6 52.8 88.7 59.51 70.08 5. 69 3· 62 79.38 75.0 1 66.5 
l. 6 45.8 88.4 51.82 61.48 5. 39 3.30 70.17 73.8 65o3 
l. 6 35.5 88.5 40.10 48.62 5.14 2.82 56.58 70.9 62.7 
1.9 21.4 87.0 24.6 32.29 4.78 2.21 39.27 62.6 54·5 
4.2 4-73 72,4 6.53 14.94 4.11 1.51 20.57 31.7 23.0 
16.8 
- - 1.31 2. 60 3,14 o. 79 6.54 - -
1.8 I 640-25 69.2 383.91 [ 86. 6 443-46 60.0 
- ~-
------
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DATE: 10-12-7.3 FLOWRATE: .36. 9 Kgjh 
W.O., RP.DIATION RECORD: 701 caljcm2 
SUNSHINE PERIOD: 12 hr 42 min 
USEFUL HEATING PERIOD: 11 hr 10 min 
TOTAL ENERGY COLlECTED: 4.46 KWh 
l.!EA.1i PO'IIER OF THE PAJ\'EL: 0.400 !r>V 
OUTLET WATER TE.'.!P, 
INLET WATER TEMP. 
---- .. ------------~ ~...,, ----.. _ 
AIR 
10 L-~--~5~~--~6--~7~-8~~9 ___ 10~-1~1 __ 1~2~-L~p~m~t--~3,~-1~~? ___ 6~,--~7,---~ 
CAL/CM2 
50 
30 
00 
6 7 
CLOCK TL\lE 
HEAT FLOW DISTRIBUTION 
. --·---··----- ---·-· . -- --
' _; _;. __ . ....._, ----,_ . 
_ _r·_r-· ·.- ' ' ._,____~-~ 
_______________ ..,.. ______ ....,.. ___________ .!;:=:!..-= 
8 9 10 11 12 lpm 2 3 4 5 
~ 'R.ri- --
,· . .:;c~ 
~T """i 
Q"Up 
.-1 
co 
.-1 Clock t t v I p a 
time-
period oc oc mph 
06-07 21.0 14.0 9.2 
07-08 22o5 14.2 9.2 
08-09 21.2:: 13.5 9.2 
09-10 25.8 14.5 9o2 
10-11 30.4 16.0 ,9.2 
11-12122.0 14.6 9.2 
12-13 21.0 13.8 5.7 
13-14 23.2 14.2 5.7 
I 14-15 22o0 14.0 5.7 
15-16 26.8 15.5 4.6 
16-17 25.0 ' 15-2 4.6 
17-18 23.0 14.8 I 4.-6 
18-19 
TOTAL PER DAY 
TABlE 5. 8 D.ATE: 11-12-73 
Qup ~ ~ 
cal/ em 2 % 2 I 2 cal/ em l % cal/ em % 
- - - - - -
- - - - - -
- - - - - -
2.86 19.5 0.53 3-6 11.30 I 76.91 
3,80 13.0 o. 68 2.4[ 24.70 84.6 
1. 79 47.6 0.35 10.3 1~2 143.1 
- - - -
2.15. 32.5 0.42 6.4 4.04 61.1 
-
- I - - -~-
2.86 18.4 0.53 3·4 12.15 I 78.2 
2.44 27.2 0.46 5.1 6.07 67.7 
2.,00 
- ( ~ ' 
83o7 o-}9 16.3 - -
17.90 22.1 3.36 4.1 59-98 73.8 
FLOWBATE: 37. 8 Kg/hr 
QT Radiation lf 2 QT ~1 Intensity ca em 
2 ~i ~~i cal/ em Rni Rdi R:f ~i % % 
-
0.46 7.02 0.471 7.95 - -
-
1.08 9.74 0.60111.42 
- -
-
0.16 8.77 0.471 9.40 
- -
14.69 2.79 22.44 1. 33 26.56 55.3 42.5 
29.18 5-62 32.84 2.01 4().47 72.1 61.0 
3.76 0.23 7.02 0.38 7. 63 49-3 21.2 
- 0.19 5.20 0.28 5. 68 
-'-
6. 61 0.41 12.88 0.70 13.99 47.2 28.9 
- 0.38 9-38 0.52' 10.281 - -
15.54 o.91 21.84 1.21 23.95 64.9 50.7 
I I I 13.67 0.75 14.83 60.5 4D.9 I 8.97 1 o.41 
2.39 0.22 9.G7 I 0.50 9.78 - -I 
4-35 ) 0.24 I 0.04 4. 63 - -
81.24 187.53 43-4 32.0' 
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Fig. 5.28 DATE: 11-12-73 FLOi/RA'l~: 37.8 Kg/hr 
W.O. RADIATION RECORD: 191 9a1/cm2 
8 9 
SD?fSH~~ PERIOD: 0 hr 06min 
USEFUL HEATmG PERIOD: 4 hr 20 min 
TO'l'AL hl&RGY COLLECTED: 0. 65 KWh 
J.!EA.l-1 FOA'i;R PF THE PANEL: 0.161 K\V 
AIH TEMP. 
10 11 12 lpm 2 3 4 5 6 7 8pm 
CLOCK TIME 
~· .. ·----- ~~.::---= 
' : 
.. , 
. ···I 
I"") 
co 
r-f 
I 
Clock t t v p a 
time-
period oc 00 mph 
06-07 
07-08 21.0 12.8 9.8 
08-09 24o2 13.6 9.8 
09-10 29 .. 8 1.4.5 14:'0 
10-11 35o0 15.0 14.0 
11-12 39.0 15-5 1.4.0 
12-13 39.,8 16.0 16.7 
13-1.4 39.0 16.2 16.7 
14-15 36o6 16.5 16.7 
15-16 33o0 16.5 13.2 
16-17 28.,3 16.0 l3o2 
17-18 24o0 16.0 13-2 
18-19 20.0 15.5 13.2 
TOTAL PER DAY 
TABLE 5.9 DATE: 12-12-73 
Qup I Qb ~ 
cal/ em 2 % 2 cal/Ci:llll % 2 cal/ em % 
1.98 55-3 0.39 10.9 1.21 33.8 
2.65 19.4 0.50 3-7 10.50 76o9 
4-04 13.9 0.72 I 2.5 24.30 83.6 
5-51 13.0 0.94 2.2 36.00 84.8 
6.66 n.o 1.11 1.9 52.6 87.1 
6. 79 n.o 1.12 1.8 53.8 87.2 
6.47 11.0 1.08 1.8 51.4 87.2 
5.60 10.9 0.95 1.8 45.0 87~3 
4o36 llo1 0. 78 I 2.0 34.,8 86.9 
3·19 1.4.0 0.58 2.6 19o0 83.4 
1.98 127.5 0.38 5·2 4.85 67.3 
- - - - - -
49-33 12.6 8.55 2.2 333,.46 85.4 
FLOWRATE : 37. 8Xg/hr 
QT Radiation cal/c:m 2 I QT rt~ Intensit, 
. 2 ! ~i ~i cal/ em ~i Rdi Rf I ~i % % 
0.01 4.60 0.25 4.86 - -
3-58 0.73 14-39 0.82 15.94 22 .. 5 7. 6 
13.65 4. 68 21.41 1.41 27.51 49.6 38.2 
29.06 25.82 23-52 2.59 51.93 I 56.0 
1 
46o 8 
42-45 31-40 26.13 2.92 60o45 I 70.2 59.6 
60.37 61.00 13-55 3.60 78.15 77.2 67.3 
61.71 71.52 6-35 3-69 81.55 75.7166.0' 
58.95 69. E8 5,56 3-59 78.84 74.8 65.2 
51.55 61.42 5-56 3.30 70.28 73.3 64.0 
40.04 48.621 5.20 2.82 56.65 70.7 61.4 
22o77 32o49 4. 78 2.22 39.49 57.7 48.1 
7.21 1.4.89 4.72 1.54 21.15 34.1 22.9 
- £.>177 1 5.0~ 0.79 8.05 - -
594.85 65.7 56.2 
--
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DATE: 12-12-73 FLOWrtATE: 37.'d Kgjh 
2 W.O. RADiATION IlliUOHD: 63~ caljcm 
SUNSHINE PERIOD: 9 hr 54- min 
USEFUL HEATTI\G PERIOD: 10 hr 20 min 
TOTAL ENERGY COLLECTED: 3.9 KWh 
1!J<,;.AN PO'IlER, OF TtlE PM'EL: 0.376 J..:W 
OUTLET WATER TEMP. 
, -- .,-----~-------, __ ,.,.--- I --.... _____ _ 
"" lliLET WATER fE1lP, 
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. _;~-:~_:_:_s . ' . . ' . 
-- ---··- ~--···-·--· --
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utilized during December 1973 probably was more because later 
in the month, more days had radiation intensities above that 
on the 10 December. 
2. Efficiencies and factors affecting performance: 
Maximum overall efficiency can be as high as 72% in some 
periods but the maximum for daily average was 61%. Normally 
, I 
overall efficiency varied from 40% to 60%. The general per-
formance increases with the amount of incident radiation' as 
mentioned earlier (9). This is clearly shown in daily varia-
tion where the percentage of useful heat transferred to water 
(overall efficiency) is small in early hours and increasing 
with the radiation intensity. Days with high insolationshowed 
better performance of the panel than low insolation days. 
The performance is also ·affected by the weather condition, 
especially air temperature. Having the same order of inso-
lat~on,the percentage of collection and overall efficiency 
are better when air temperature is higher. On the 6 and 7 of 
November,the mean air temperature at midday was high, 25 to 26°0, 
solar intensity was also high and these gave high percentage 
of: collection and overall efficiency although the efficiency 
of heat tran~fer from collector plate to water was not very 
large because of low flow-rate.· 
3. Unfa.vourable weather conditions: 
On rainy day with some periods of sunshine, some energy 
can also be collected, e.g. 12 December (Fig. 5.19). However 
when it rains throughout the day, no useful heating can be ex-
pected, e.g. 18 December, even though the Weather Office re-
corded a total of 113 cal/cm2 radiation on horizontal surfaces 
(Fig. 5.30). At night-time, by dropping temperature while 
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flowing through the panel, the water normally supply 3 to 
7 cal/cm2hr to compensate for the radiation loss from the col-
lector plate to the sky. 
4. Temperature variations: 
For thermosiphon system analysis, it is usually suggested 
to use the average of inlet and outlet water temperatures for 
the mean plate temperature. Analysis for this forced circula-
tion system showed that the above estimation is valid only for 
periods of low radiation, during sunny periods the mean plate 
temperature may be as high as 8°C above the average of inlet 
and outlet water temperature. This difference between the two 
systems lies in the difference in water flowrate and tempera-
ture rise. 
In thermosiphon system, the flow is created by the virtue 
of difference in densities between water inside the tubes of 
the collector and water at the bottom of the storage tank. 
As the radiation intensity increases, both inlet and outlet 
water temperature also increase. Because at the same temper-
ature difference of water, the difference in density is larger 
at high temperature range than at lower range, the flowrate 
increases and consequently reduces the temperature difference. 
However, as the flowrate increases, resistance to the flow is 
higher and more difference in temperature is required. There-
fore for a particular insolation, there is a fixed water flow-
rate depending on the inlet temperature and the sizes of the 
connection pipes. As shown by Morse (16), the temperature 
difference between inlet and outlet water is nearly constant 
to about 2:00 pm before it begins to drop until the end of 
useful heating period. Fig. 5.31 shows typical variation of 
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water temperature in a thermosiphon system based on values 
measured by Morse. 
The forced circulation system, on the other hand , has a 
constant flowrate, the temperature rise increases··as radiation 
increases. The rise of inlet temperature throughout the day 
is very little compared with that of thermosiphon system. There-
fore, it is more justified to assume plate temperature be the 
average of inlet and outlet temperatures for thermosiphon sys-
tem than for forced circulation system. 
5. Distribution of heat collected: 
As mentioned earlier in the qualitative analysis, during 
early hours in the morning and late in the afternoon not much 
useful heat can be transferred to water. Quantitatively, usually 
less than 50~ of the heat collection during these periods was 
transmitted to water. As more radiation is collected, the per-
centage lost backward and upward decreases. During efficient 
operating period (i.e. lOam to 4pm), lOfo'to 20~ was lost upward 
while 1-Z to 2~ was lost backward, the ratio of back loss· to up-
ward loss varies from lO%to 17~ •. This is reasonable compared 
with what normally suggested to allow lOJto 20~ of upward loss 
for back loss in the t.otal heat losses. 
6. Comparisons with theoretical estimation: 
For all sunny periods, the percentage of collection varied 
from 60%to 80~. Typical values on a clear day such as 10 Dec 
are very close to 74.8~ which is the value for Fe estimated 
earlier. Low percentage of collection is expected for cloudy 
periods due to large portion of radiation is diffuse radiation. 
The efficiency of heat transfer from collector plate to 
water was estimated as 8o%to 89~ for flowrates from 9.5 to 
45.5 Kg/hr ( 20 to 100 lb/hr ). In the test this efficiency 
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varied around 80tto 88~ during the most efficient operating 
periods of the day which is in good agreement with theprediction. 
The back loss coefficient was calculated as 0.548 W/m20c 
or 0.047 cal/cm2°Chr • The equivalent up loss coefficient Uup 
which varied quite linearly from 0.23 cal/cm2hr°C for 20°C 
plate temperature to 0.31 cal/cm2hr°C for 55°C justified the 
estimated Uup= 0.298 cal/cm2hr°C for 40°C plate temperature 
and 15°C air temperature. Overall heat loss coefficient then 
varied from 0.277 to 0.357 cal/cm2hr°C, which is also well-agreed 
with U0= 0.33 cal/cm
2hr°C estimated. 
7. Validit;y: of the above results: 
(a) Analyses in Appendix 6 show that in these calculat-
ions Qw was estimated with 5~ accuracy, Qb with 4%'to 5~ and 
Qup with 3foto 5~. 
These were based on the error assumed as: 
+·5°C in air temperature measurements. 
+ 1°C in plate temperature. 
+ .5 Kg/hr in water flowrate measurements. 
(b) The effect of hw on the upward heat loss calculat-
ions is not large, for two values of hw= 4 at 10 mph wind and 
hw= 10 at 30 mph wind, maximum difference in Qup is only about 
1~. S~e Part 3 of Appendix 6. 
(c) The effect of using air temperature instead of 
effective sky radiant temperature is an underestimation of Qup 
by about 20jto 30~ during clear sky periods, using Ts= Ta- 10 
in Rankine degrees. For intermittent and cloudy comditions 
Ts is close to Ta and error is much smaller. However, the ab-
solute value of the difference is not large as compared with 
the component of heat collected by water Qw, therefore this 
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underestimation of Qup can lead to only 3~ maximum under-
estimation of QT and the percentage of collection QT/RTi" 
The percentage Qw/QT is then overestimated by only 2Jto 3%. 
Typical examples for the days of 6 Nov and 10 Dec are shown 
in the table below. 
Table 5.10 
time tp ts Q\lp Qb Qw QT 
DATE ~eriod ca,t. ~ ca.! ~ cal ~ cal oc oc cm2 
cm2 ~ cm2 em 
lE>/12 11-12 41.8 20.6 6.10 10.2 .95 1.6 52.80 88.2 59.85 
11-12 41.8 15.0 7.70 12.5 .95 1.5 52.80 86.0 61.46 
13-14 41.2 21.0 5.79 9.7 .92 1.6 52.80 88.7 59.51 
13-14 41.2 15.4 7.43 12.1 .92 1.5 52.80 86.3 61.15 
6/11 11-12 55.0 22.3 10.23 15.1 1.48 2~2 56.00 82.7 67.71 
11-12 55.0 16.7 11.90 17.2 1.48 2.0 56.00 80.8 69.38 
12-13 50.4 23.5 8.23 14.4 1.22 2.2 46.50 83.4 55.95 
--QT 
RTi 
~ 
74.7 
76.5 
75.0 
77.0 
88.0 
90.1 
78.0 
12-13 50.4 17.9 9.94 17.2 1.22 2.1 46.65 80.7 57.66 80.4 
Tltere is no difference in Qw and overall efficiency 't be-
cause they do not relate to ts. 
(d:); In estimatling the incident radiation on the panel 
surface, records of ·total and diffuse radiation from Mrs, Moran 
were used mainly, except on two days where Weather Office re-
cords of total radiation were used because these data were not 
recorded. 
Weather Office records were also used as a comparison. 
During November there were large differences between those two 
records (up to 12 cal/cm2hr) but later records were close 
enough. See table 4.5, 4.6, and 4.7 for examples. Mrs. Moran's 
records were used in the calculations for consistency and be-
cause separate component of total and diffuse solar radiation 
192 
were measured. The accuracy of the solarimeters which gave 
those records ts !1%. 
(D )1 EXTENSIONS OF RESULTS OBTAINED FROM THE TEST: 
From the limited: results of this test and with the know-
ledge of other information from previous references some es-
timation can be made for the performance of this type of solar 
water heater during the whole year. 
1. Contribution potential: 
Although this test panel operated on forced circulation 
system the results presented above may be applied to the or-
dinary thermosiphon system because no reference has been 
found to mention significant differences in efficiency between 
these two systems. The theoretical predictions based on the 
analysis following Whillier's methods have been proved' close 
enough with actual performance. Moreover Whillier's methods 
have been recommended for estimation of both types of system, 
therefore one can expect thermosiphon system operation will 
give the same efficiency as found above, if not a little more 
owing to its variation in flowrate according to the intensity 
of radiation. 
Based on the standard year solar radiation as proposed 
by Benseman and Cook,and considering the fact that these ra-
diation intensities have overestimated the actual radiation 
recorded in Christchurch by about 15% on average for the last 
5 years, one can use these radiation intensities as the es-
timated radiation on a 40° inclined surface. 
Also from these test results, the overall efficien~y 
usually varies from 40% to QO% in average weather conditions 
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and from the conclusion that there is little difference in 
efficiency between summer and winter(9) one can assume an 
tor 
average efficiency 50~A'most months of the year except May, 
June and July where 40~ efficiency can be assumed because of 
·low Kvalues. 
Hence with these assumptions, the average of all year 
energy collected can be estimated as below. 
Table 5.11 Estimated energy contribution per year 
Month K Radiation 
ca1/cm2 day 
Jan 0.53 514 
Feb 0.56 46-9 
Mar 0.52 342 
Apr 0.51 241 
May 0.47 153 
Jun 0.46 119 
Jul 0.46 130 
Aug 0.55 218 
Sep 0.49 283 
Oct 0.55 418 
Nov 0.58 539 
Dec 0.60 600 
Total 
Energy collected per year 
"1 
~· 
Energy2collected ca1/cm day KWh/m
2 day 
50 257 2.98 
" 234 2.7;2 
" 171 1.99 
II 120 1.39 
40 61 0.71 
" 
48 0.56 
" 52 0.60 
50 109 1.27 
II 191 2.22 
" 209 2.43 
" 
269 3.12 
It 300 3.48 
2021 
2021 x 30 = 60630 cal/cm2 
or 705 K\Vh/m~ 
Assuming also that an ordinary house requires 60 gallons 
(273 li tres) of hot water at 60°C per day and the inlet c·old 
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water is 20°C, the totaLheat required per day is 10,920 Kcal 
or 12.7 KWh. If the solar water heater is aimed to supply all 
this heat during summer months with some boosted heating by 
other sources during winter, the necessary area is about 4.5 m2 
based on the average collection of 2.12 ~Vh/m2 per day in Feb 
or 3.6 m2 based on the average of 3.48 KWh/m2 per day in Dec • 
Therefore a 4m2 collector area unit will be adequate. Average 
annual contribution is 28,000 KWh giving a saving of say $28 if 
extra heating is provided by electricity. Based on the material 
cost of about $77 for this one squa~e metre test unit, the cost 
for a 4 m2 heater may be about $300. Assuming that the heater 
will have a life of 20 years, this saving gives the ·rate of re-
turn of about 7~ for the expense. 
2. Angle of inclination: 
During this test,the unit was fixed at 40° from horizontal. 
This angle is based on 0.9 times the latitude of Christchurch 
as suggested by Morse and Czarnecki (13). From the analysis 
in Section 4.4, the incident angles of solar rays on an inclined 
surface can be calculated. With the help of the programme in 
Appendix 1, several angles of inclination were calculated for 
each month to find out the one which will receive sunrays at 
nearly normal incidence. Tables 5.12 and 5.13 give those angles 
compared with a horizontal surface for Christchurch position. 
From these .tables, it can be seen that the average for all 
year round is from 40° to 45° as suggested. However, it will 
be more efficient if the inclination of the panel can be made 
adjustable so that the angle of inclination can be changed 
several times a year to place the surface almost normal to 
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Table 5.12 Comparisons of cosHi for different inclination 
rrr Jan Feb Mar Apr May Jun 
Me: «~ o" o(:. 20° o(: 00 o(:;?,Oo o(: 00 o<: ~50 o<.: d' o<: 5'5" o<.:d' oC:, ~5° o<.= 00 o(.::.bS0 
06 .116 f-· 
07 .294 .212 .178 .107 .070 .099 
08 .468 .431 .361 .359 .254 .360 .136 .423 .035 .481 
09 .625 .633 .527 .583 .421 .590 .296 .628 .187 .676 .130 .665 
10 • 75f{ .793 .666 .771 .559 .772 .425 .811 .310 .828 .253 .826 
11 .852 .916 .768 .902 .658 .912 .516 .. 932 .396 .939 .340 .934 
12 .906 .985 .826 .982 .712 .987 .562 .993 .439 .994 .386 .991 
13 .914 .995 .837 .996 .718 .995 .560 .990 .435 .990 .386 .993 
14 .875 .945 .798 .944' .674 .934 .511 .921 .385 .927 .341 .934 
15 .793 .839 .715 .837 .584 .813 .416 .794 .293 .807 .255 .826 
16 .672 .686 .591 .667 .454 .631 .284 .610 .165 .647 .132 .671 
17 .522 ,494 .435 .458 .293 .409 .122 .401 .010 .439 
18 .352 .292 .258 .224 .111 .159 
19 .174 .059 .072 .o 
-~ ---~ ~~~-~"-
Table 5.13 Comparisons of cosHi for different inclination 
-~-~~~~~~~.~~-.---
Tr Jul A~-~ Sep Oct Nov Dec Me 0(:. 00 0(::(:,50 o<: 00 o<:: ,00 0<. ':. 0° o<.:. 41' o<= oo <><:: ?>00 o<. = 0° o<::. <J.o" o<.:;Oo c>(~ 2.00 
·+-· ----~" 06 .081 .054 
07 .113 .160 .276 .239 .375 .308 .375 .286 
08 .005 .439 .121 .411 .294 .416 .454 .478 .530 .513 .530 .483 
09 .160 .642 .282 .615 .454 .636 .6o2 .677 .682 .701 .682 .676 
10 .289 .807 .415 .795 .583 .813 .719 .837 .799 .850 .809 .836 
11 .381 .926 .509 .925 .672 .937 .809 .953 .883 .953 .891 .939 
12 .431 .990 .559 .987 .714 .995 .839 .997 .914 .996 .934 .994 
13 .435 .995 .561 .991 .708 .985 .829 .979 .906 .983 .934 .992 
14 .393 .939 .514 .930 .652 .911 .766 .897 .848 .911 .883 .931 
15 .308 .828 .423 .813 .552 .766 .656 .754 .743 .780 .799 .821 
16 .186 .676 .294 .636 .413 .581 .575 .557 .616 i"6[[6 .669 .660 
17 .034 .481 .134 .432 .246 .349 .358 .340 .454 .416 .515 .464 
18 .061 .099 .174 .083 .276 .191 .358 .265 
19 .174 .032 
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sunrays most of the time. The following changes of the set-
ting are suggested: 
For Nov, Dec, Jan = 20° from horizontal 
Feb, Mar, Apr = 40° " " 
May, Jun, Jul,Aug,, :::: 65° It " 
Sep, Oct = 40° " " 
The increase in insolation due to this change is signifi-
cant, for example changing from 40° inclination to 20° in Dec 
can increase the collection of direct component of solar radiat-
ion by 15~ ( compare Table 4.3 and Table 5.13 ). 
3. Frost prevention: 
As shown by some results of the night-time operation,during 
clear night sky periods the glass and air space temperatures 
may drop quite considerably. This situation often occurs during 
winter months, even more severe due to low air temperature. 
The problem of frost over the glass surface and freezing of 
water inside the tubes may appear in those situations. 
Double glazing is therefore useful and necessary for ins-
tallations under Christchurch conditions. Where the problem is 
nDt so severe as the case in city installations, some types of 
drapery to cover the panel surface during night-time may be 
sufficient. The setting of large inclination during winter 
months as suggested above also helps to reduce the excessive 
cooling loss owing to the long wave radiation from surroundinw • 
To avoid the problem of freezing water, one method has 
been proposed byFarber (18) in which a double-walled storage 
tank is used. The inside tank stores usable hot water, the out-
side tank is well-insulated and stores water with anti-freeze 
additive used as the heat transfer medium. This system can be 
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used in places where excessive radiative cooling and low air 
temperature occur at night-time such as in remote country-
side areas. 
In this test panel, the water was kept flowing all the time 
and the temperature drop of water during night-time was noticed 
while the plate temperature was always a few degrees higher 
than air temperature, even in clear nights where the glass temp-
erature dropped down below air temperature. Compared with the 
themosiphon system where there is very little movement of water 
inside the tubes at night, this leads to the suggestion that a 
dual water circuit be connected to the panel. At day-time normal 
thermosiphon effect will heat up water and store in the tank, 
during night-time another circuit to supply flowing water through 
the panel at some large enough flowrate to provide compensation 
for the heat loss and avoid the freezing of water. A diagram-
atic illustration for such a system is shown in Fig. 5.32. More 
study is required to design a suitable circuit and valve fittings 
to ensure water will flow correctly as desired. 
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C 0 N C L U S I 0 N S F 0 R P A R T II 
The information on solar radiation presented in this part 
gave a brief review of what have been done about solar radiat-
ion in New Zealand. It helpsto locate the sources of references 
which may be needed in later research of solar radiation and 
its applications. 
Compared with the Standard Year solar radiation intensity 
for Christchurch proposed by Benseman & Cook in 1969, recent 
records of radiation at Christchurch showed a significant 
reduction in solar radiation intensity received by a horizon-
tal surface in the last five years. Monthly mean in these years 
were usually 10%'to 20% lower than the corresponding values in 
the Standard Year which were selected from actual records in 
the past. 
Some examples of estimation of radiation on an inclined 
surface from measurements on horizontal surface illustrated 
the method to apply for any inclined surface at any situation. 
On the performance of the solar water heater, results 
showed that during November and December a common type solar 
water heater, facing North and inclined 40° from horizontal, 
can develop from nothing on a most unfavourable day to 5 KV/h 
per square metre of collector area on a clear sun-shine day. 
The efficiency of operation increased with higher insolation 
and varied from 40% to 60%. A normal domestic usage requires 
from 3 to 4 m2 for a consumption of about 273 litres ( 60 gal-
lons) hot water at 60°C per day. Compared with heating water 
by electricity, a saving of at least $20 to $30 per year may 
be expected. 
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Double glazing for the solar water heater was found useful 
and necessary under Christchurch weather conditions. Adjustable 
inclination, where possible, is suggested to allow the inclin-
ation to be changed about 4 times a year for maximum collect-
ion • Otherwise, a 40° inclination from horizontal is the 
optimum for all year round operation. 
1. Stringer F.T. 
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APPENDIX 2 Theoretical estimation of the characteristics 
of the test unit. 
Reference: Whillier (14) (Numbers of Eqn and Fig. referred here 
Symbols :- are those in the original paper) 
a a
2 
= U0 /kM 
A 
o( 
b 
B 
c 
cP 
d 
d 
F~ 
t 
F 
area 
absorptivity of the collector plate 
width of bond between tube and plate 
centre line spacing of tubes 
bond conductance 
specific heat of fluid 
inside diameter of tubes 
outside diameter of tubes 
flow factor 
collector efficiency factor 
fin efficiency 
fraction of incident solar radiation that is trans-
mitted through glass and absorbed by the plate 
Fe effective transmissivity-absorptivity product of 
cover system 
G fluid flowrate per unit collector area 
h; heat transfer coefficient from fluid to wall 
k thermal conductivity 
K extinction coefficient 
L length of pipes in collector 
• L half spacing of tubes 
M plate thickness 
Nu Nusselt number 
Pr Prandtl number 
r reflectivity of glass 
s thickness of bond 
T transmittance for solar radiation of glass 
For this unit ' 2 2 A = 10.9. ft )(lm )_,«,':0.95 
tt 
outer glass 32 oz. average thickness 0.15 
inner glass 26 oz. " " 0 .12" 
K is assumed having average value 0.5/in 
For normal incidence at outer glass: 
exp -(0.5)(0.15) = 0.928 
(1-r)/(l+r) = 0.917 
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Transmittance for outer glass: T1= 0.928x0.917 =0.850 (Eqn 3.1) 
For normal incidence at inner glass: 
exp -(0.5)(0.12) = 0.942 
Transmittance for inner glass: T2= 0.942x0.917 =0.864 
Fraction absorbed: ( ) F0 = 1.012 T1T2 Eqn 3.4 b 
= 0.705 
Effective transmissivity-absorptivity product: 
F = 0.705 + 0.17(1-0.928) + o.63x0.850(1-0.942) 
e 
F~, = 0.748 (Eqn 3.5 & Table 3.1) 
For collector plate~ 
• 
• • 
Assuming average tp = 104°F and 
Upward heat loss coefficient: 
Uup =0.61 Btu/hrft2°F ( 0.298 cal/cm2hr°C ) 
(from Fig. 3.5) 
Backward heat loss = 1/10 Upward loss 
Total heat loss coefficient : 
U = 0.67 Btu/hrft2°F ( 0.33 cal/cm2hr°C ) 
For copper k =250 Btu/hrf-b0 :F: 
a
2
= U0/kM 
:. a =1.3 
0.67xl2 
= 250x0.019 =1 •69 
t" tubes and 5.7" spacing give L'= 6.72-
0
•
5 
= 2.6" 
aL'= 0.282 
:. Fin efficiency F = 0.975 (from Fig.3.10) 
B =5.7" d= 0.461" M = 0.019" 
L'=2.6" d6=0.5u b = 0.5" 
Assume average bond conductance C =20 
For 60 lb/hr flowrate in 7 tubes,velocity of water in each 
tube is: 
60 X 4 X 144 
V - 62. 4 x'fT' x (0. 461JZ:x7 x 3600 = 0.033 ft/sec 
Reynold number li 0.461 Re = ~Vd ~ = 0.033x 12 xl34,700 = 171 
Prandtl number Pr = 4.64 
(d/L)RePr 0.461 X 171 X 4.64 = = 9.25 
12 X 3.3 
Nusselt number Nu = 4.36 + ~·~f6.~4J(~:-25)213 (Eqn 3.18) 
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Nu = 4.89 
Heat transfer coefficient between water and plate: 
h = k Nu I d = 0.36 x 4.89 x 12 
0.461 
h = 45.6 Btulhrft2°F 
From Fig. 3.7(b) in Whillier's paper : 
BU01 dh = 5.7 X 0.67 = 0.058 X 0.461 X 45.6 
d0IB = o.5 I 5.7 = o.o88 
BU0IC = 
5.7 X 0.67 
= 0.0159 20 X 12 
F/2L'F = 2 
5.7 
X 2.6 X 0.975 = 1.125 
1 1 F' 0.058 + _____ 1.;;;.._ ___ = 0.058 + 1.04 
0. 088+ __ _;;;;l __ _ 
0.016 + 1.125 
F' = 0.912 
Overall heat transfer coefficient between water and ambient: 
Uc = F'U0 = 0.912 X 0.67 = 0.61 
G = (60)/(10.9) = 5.5 lblhrft2 
UciGCP = (0.61)/(5.5 x 1 ) = 0.11 
Flow factor F"= 1 - exp(-0.11) _ 0 956 0.11 - • 
(Eqn 3.14) 
(Eqn 3.17) 
Overall efficiency of heat transfer : F0 = F'xF" = 0.912 x 0.956 
F0 = 0.872 
Similar calculations for other flowrates give: 
Flowrates 40(18) 80(36) 100(45) 1blhr( Kg/hr ) 
v 0.022 0.044 0.055 ftlsec 
Re 114 228 284 
(diL)PrRe 6.17 12.30 15.40 
Nu 4.72 5.04 5.19 
h 44 48 49.4 btulhrft2°F 
F' 0.908 0.913 0.915 
F" 0.916 0.962 0.970 
Fo 0.832 0.880 0.890 
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Programme to calculate Qup knowing 
tp , ta , hw • 
l 
Step I Key Code,' 
I 
' . 
~! 0 i, '/. 13" :~~~t-------1--- --~ 
~~iV1 ~-~---- -~-
I 3 'f. ~' 1----l 
I : 4 i f.. Jj., 
~~------- --[_:, ; t~ 
I 7j - 3y ,_ ~r-- --
: 8 (,. I Oj. 
~-~ ----~---
~_Q __ ~ 
:a I • .tl 
:b 3 03 
[-
.C ENTE!t :J..' EJ<P, 
I 
I i ol 
:) 11 0 0 DO 
I 1 
I cU'"SIGP ~Jt 
:2 )( 3k, 
I 
13 i ol 
I t :L7 14 
IS tt 13 I 
1
16 • 3~ 
-• 
17 t .2~ I 
:s ~-3>( ~0 
19 Cl l'b 
:a v1' J..7 
:b c. ,, 
--
lc 
I 1' J.] 
:d h I~ I 
Step I 
,---
Key Code, I 
! 
----r--· 4 I ' i O! - 13~ 
~~~~T--~-~-r---- -~ 
~_l_f ~-J(}llfO 
: 2 I e._ J,b 
~-r~-- -~ 
,J ~ fi 1----t--- -""-
! :I' ~L I ~ 03 
>----1-~ 61 G oro I 
[-- --
i 
171 + 3~ f-- I f---
:,sl t .~ I 
191 ~ 7' ~---- 1-----
:a I fi 7k 
I 1' I .J2..'7! 
[- -
c i Ol 
' 
:d 0 00 I 
5" 11 0 
r 
~~~ 30 '! 
I 1 • ~r ' I . 
:2 ~ .!i.S I I 
13 + 33 
I t 14 ~6' i 
IS ~;J) J.l(-I 
:6 c If> 
17 
,. 3~ 
-I • 
:s <t. 13 
+ 19 33, f-. 
Ia 
I 3 ()~ __ I 
:b • ~I 
--
tc 
I G Ot 
I q II I I 
I 
I 
Step I I 
+-
<ey Code.! 
0! o! 
I I 
~~~--r~---t-_-+1£ 
NJ>~-~1!~~ i 1 : E' ~-2-J------+---~ \_~!~ 
TO 
~ 
p 
- I ~~ 
CALCULATE: 
SET 
PRESS 
INPUT 
RUN 
GOTO(OO) 
CONTINUE 
tp ( °C) 
t 
ta(OC) 
t Bt 
hw (hr0~ft2 ) 
Display as: 
z = t 
- p 
Y 5 ta 
x s hw 
PRESS CONTINUE 
Result: 
Y : Q (cal ) 
up cm2hr 
RESS CONTINUE 
~-~~ 
--l---'------11---1------- ··-----!------------
ToT PI L R ~ l> fA Tl 0 N 
208 
APPENDIX 5 Procedures for heat loss calculations. 
From the records of daily variation in temperature of 
water, collector plate, and air temperature, the three compo-
nents Qup , Qb , Qw d · can be estimated for every hour ur~ng 
the useful heating period. 
STEPS IN CALCULATIONS: 
1. Use planimeter to measure area A1 enclosed by inlet 
and outlet water temperature curves. (in square inches) 
2. Use planimeter to measure area A2 enclosed by the air 
temperature curve and the curve of mean temperature of the plate 
where no water tube is bonded on (i.e. mean given by thermo-
couples number 2,3,5,6 ). 
3. Measure area A3 enclosed by the air temperature curve 
and the curve of mean temperature of water tubes (i.e. mean 
given by thermocouples number 1,4,7 ) 
4. Take the average of areas A2 E7nd A3 to obtain area A4 
The mean temperature of the collector plate tp is taken 
as the mean of those thermocouples above • This temperature 
is well above the average of inlet and outlet water temperature 
as suggested by some references. 
5. To estimate the heat collected by water: 
During the range of temperatures from 20°C to 65°C as en-
countered in this test, the average output for copper-constantan 
thermocouples is 0.042 mV/°C • For a 5 mV fullscale range 
of the chart, 1" on the chart represents 0.45 mV or 10.7 °C 
temperature difference. If chart speed is 1" per hour, 1 in2 
of area on the chart is equivalent to 10.7°C-hr 
For one hour period, the total heat collected by water is 
Qw = J~ttcl2p ~t dt = mcpr;t dt for constant Jv flowrate. 
The integration is the area enclosed by inlet and outlet 
temperature curves in one hour period (area A1 ). 
Hence 
= m(Kg/hr) x Cp(Kcal/Kg°C) x A1 (in
2 ) x 10.7(°C~r2 ) ~n 
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or = 
• 
m X 10.7 X Al Kcal/hr 
2 Because the area of this unit is 1m , the rate of heat 
collected by water in one hour expressed in cal/cm2per hour 
is : Q = 10.7 mAl X 103 = 1.07 mAl cal/cm2hr 
w 104. 
6. To estimate the heat loss backward : 
For one hour period the heat lost through the back is: 
Qb = (t~b Ap 4t dt = Ub Ap (~t dt Jt Jo 1 ' 
This integration is represented by the average area A4 
••• Qb = Ub (W/m2°C) X Ap (m2 ) x A4 ( in
2 ) X 10. 7( °Chr/in2 ) 
= Wh because 
or this can be expressed in cal/cm2hr as 
10.7 UbA4 X 3600 
= ------~~-------4 .. 18 X 104 
as U was calculated in 
, b 
section B.2 of Chapter 5 to be 0.548 W/m20c, the final formula 
for Qb is 
Qb = 0.505 A4 cal/cm
2hr for 1"/hr chartsped 
and Qb = 0.252 A4 cal/cm
2hr for 2"/hr chart speed 
1. To estimate the upward heat loss: 
Based on the average area A4 , the mean air temperature and 
plate temperature are drawn which enclose the same area as A4. 
With mean wind speed V calculated from W.O. records, hw is 
estimated and these three i terns tp, ta, \v are substi tuted.1.in 
equation (5.2) to calculate Qup • The programme in Appendix 3 
is used to obtain Qup in cal/cm2hr with three inputs tp, ta, 
(in °C) and hw (in Btu/hrft2°F) • 
8. Total heat collected : 
Other losses are assumed negligible so that the total heat 
collected is: 
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Examples of calculations: 
Date: 7-11-73 Time period: lpm to 2pm 
Chart speed 2"/hr • m = 18 Kg/hr 
Measurements by planimeter give: 
A1 = 5.02 in
2 A2 = 5.56 in
2 
A3 = 4.50 in
2 A4 = 5.03 in
2 
Qw = 0.535 x 18 x 5.02 = 48.4 cal/cm2 
Qb = 0.252 x 5.03 = 1.26cal/cm2 
tp = 53.2°0 , ta = 25.5°0 , V = 19 mph , hw = 6.7 
:. Qup = 8.63 cal/cm2 
For 
• 
• • 
QT = 48.4 + 1.26 + 8.63 = 58.29 cal/cm2 
Percentage of heat lost upward 8.63/58.29 = 14.8~ 
Percentage of heat lost backward: 1.26/58.29 = 2.2~ 
Percentage of heat collected by water : 48.4/58.29= 83.0~ 
radiation intensity on the 
RTh = 67.42 cal/cm
2 ) 
Rdh = 30.59 " ) 
RDh = 36.83 It 
) 
) 
RDi = 36.83 X 1.01 = 
Rdi = 30.59 X 0.883 = 
Rf = 67.42 X 0.0468 = 
RTi = 
surface : 
obtained for horizontal 
surface 
37.20 cal/cm2 
27.00 
3.15 
67.35 
" 
n 
" 
Percentage of collecti.on QT/RTi 
Qw/RTi 
Similar calculations give rates of heat 
Overall efficiency 
= 58.29/67.35 = 86.5~ 
= 48.4/67.35 = 72.0~ 
loss and heat collected 
7-11-73 was: for other hours of the day • Total for 
QT ,= 395.40 cal/cm2 Qw = 
II 
Qb = 
Qup= 
320.53 cal/cm2 
10.03 
64.84 
tl 
" 
(81.1~) 
( 2.5%) 
(16.4%) 
Percentage of collection for whole day : 395.4/533.89 =74.1~ 
Overall efficiency for whole day : 320.53/533.89 = 61% 
In terms of KWh units, Q is expressed as : 
w . 4 QW = 320.53 X 4.18 X 10 = 3•72 
3600 X 103 t~cm 
Period during which outlet tempera.ture remained higher 11inlet 
temperature was 12 hours, the mean power of the panel then equals: 
3.12112 = o.310 KWm2 
211 
APPENDIX 6 Error Analysis 
1. Error in Q • w· _____ .;.;. 
• Qw is calculated from the equation Qw = S x m x A1 
where S is area coefficient having values: 
S = l.07°C-hr/in2 for 1"/hr chart speed 
and S = 0.535 " for 2"/hr " " 
+ 0 0 Assuming the error in the recorded temperature is - .5 C, error 
in S is : + 0.05°C-hr/in2 for 1"/hr chart speed 
and ::!: 0.025 11 for 2"/hr 11 11 
Assume also that error in flowrate m is ± 0.5 Kg/hr 
and error in area A1 is + 0.01 in
2 
From Ref. 17, 
[(oQw )2 (JS dS 
Typical values for 10 Dec, from lpm to 2pm =~ 
m = 36.9 Kg/hr , A1 = 1.34 in
2 
, S = 1.07 , Q = 52.8 
dQW = r(36.9 X 1.34 X 0.05)2+(1.34 X 1.07 X 0.5)2: (36.9 X 
2
l* L 1. 07 X 0. 01 ) J 
2 2 2 ~ dQW = ( 2.47 + 0.71 + 0.39 ) 2 = 2.58 
Hence percentage error in Q is 2.58/52.8 = ~ 
w 
For 7 Nov , from lOam to llam 
• 
m = 18 Kg/hr , Al = 3 . 2 ~n , s = 0.535 , Qw = 29 
dQW = (18 X 3 X 0.025) 2+ (3 X 0.535 X 0.5)+(18 X 0.535 X 
dQW = ( 1.352+ 0.82+ 0.0962 )~ = 1.6 
Percen.tage error in Qw is 1.6/29 = 5.5% 
0.01) 
From these two examples, one can conclude that the error for 
2 
Qw is about 5% for large flowrates and high radiation intensity, 
and about 6% for small flowrates and low insolation. 
2. Error in Qb : 
Qb ~s calculated from the equation Qb = S x A4 
i 
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where S is area coefficient having values: 
S = 0.505 cal/cm2hr-in2 for 1"/hr 
S = 0.252 "" for 2"/hr 
chart speed 
Error in S is C! 0.5)x 0.548 x 3600 
4.18 X 104 
Error in A4 is + 0.01 in
2 
II It 
Similar to the above analysis, 
For 10 Dec, from lpm to 2pm : 
S = 0.505 , A4 = 1.82 in
2 
, Qb = 0.92 
i 
dQb = (1.82 X 0.023) 2+ (0.505 X 0.01) 2 
dQb = ~0.042) 2 + (0.005) 2J1 = 0.042 
hence percentage error for Qb is: 0.042/0.92 = 4.6% 
3. Error in Qup : 
Qup is calculated by this equation 
(a) Effect of uncertaity in estimating hw 
hw is estimated from average wind speed over 3-hourly 
period, to find the change in Qup due to hw , values of hw = 4 
for 10 mph wind and hw = 10 for 30 mph wind are substituted in 
the above equation. Typical results are presented below show-
ing that the effect of using different hw is small. 
Date Time h =4 w h =10 w dQup ~ diff. 
10/12 11-12 6.09 6.15 0.06 0.98 
6/11 11-12 10.21 10.32 0.11 1.08 
(b) Error due to estimation of temperature t , t : P a 
From the expression of Q above one can write: up 
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Error due to ta is assumed as ! 0.5°0 or ± 0.9°F or0R 
Error due to tp is assumed as ± 1.0°0 or ± 1.8°F or0R 
In' :th0se equations tp , ta are in °F anP; TP , Ta are in °R 
For 10 Dec , from 11am to 12noon typical values were 
tp 80 0 T = 567.2°R = 41. 0 = 107.2 F 
0 OF 
p 
OR ta = 20.6 0 = 69 T = 529 
4.8 Btu/hrft2°F 
p 
h = Qup= 6.10 ca1/cm2 w 
. ~ 
·· oQ 22.35(38.2) 4 + 3.69/4.8 ~ = :1: 6 52 X 10-10(567.2)3 
oup (29.8(38.2)£+ 3.69/4.8)~ • 
= 56.17/(74.77) 2 + 0.12 = 0.130 
dQ ~ = -(56•17 ) - 6.52 X 10-10(529) 3 = -0.106 ~ 74.772 
dQUp = ( (0.13 X 1.8) 2+ (- 0.106 X 0.9) 2 )~ = 0.252 
Hence percentage error for Qup is 0.252/6.10 = ~ 
For 6 Nov , from 11am to 12 noon : 
tp = 55°0 = 131°F Tp = 591°R 
ta = 23.3°0 = 72.2°F Ta = 532.2°R 
h 4 45 Q = 10.23 w = • up 
~. Qup/ tp = 0.144 Qup/ ta = - 0.107 
dQup = 0. 276 
Percentage error in this case is 0.276/10.23 = 2.7~ 
Therefore , the percentage srror of Qup is said from 3~ to 5~. 
APPENDIX 7 Estimation of Costs for the 
Solar Project 
1. Mat:erial cost of the Solar Panel: 
- Copper tubes and Copper sheet (26 gauge) 
- 2 sheet of clear glass 
- Pine timber 
- Rubber U section 
- 2 sheets of 26 gauge galvanized iron 
Sub Total 
2. Additional cost for instrumentation 
$ 45-00 
15'""'80 
7-07 
2~40 
6-64 
$ 76-91 
Glass replacement $ 6-42 
1 sheet of galvanized iron for the stand 2-49 
Dexion framing for the stand 7-20 
Thermocouples 
Sub Total 
50-00 
65-90 
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3. Labour cost of manufacturing, installing and repairing: 
50 hours @ $3-50 per hour $175-00 
TOTAL $317-81 
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GENERAL C 0 N C L U S I 0 N S 
In this study, both long wave and short wave components 
of the thermal radiation from the Sun and Sky to the Earth 
were c_onsidered. 
In Chapter I, the analytical study of the long wave ra-
diation from the Sky gave knowledge of the nature of this 
radiation cromponent. Its main dependence on water vapour in 
the atmosphere was c~early shown in the analysis. If the 
distribution of water vapour in the atmosphere can be 
measured, the long wave radiation from Sky can be estimated 
by one of several radiation charts. 
Chapter II introduced the methods of measuring long 
wave radiation, the difficulty of isolating this component 
from other heat transfer modes and the instruments used. The 
empirical formulae presented in this chapter represent all 
the suggestions up to date, to estimate the amount of long~ 
wave radiation from the Sky, and hence the radiative loss to 
the Sky, from meteorological observations at the site. These 
formulae are useful for engineering and architectural pur-
poses because they do not require measurement of vertical 
distribution of water vapour in the air. Within the range 
of temperature enc~ountered the difference due to these 
formulae is small, less than 8~, and may be insignificant in 
many cases. 
A simple radiometer was designed and used to carry out 
some trial measurement under Christchurch weather condition. 
Descriptions of this radiometer and the experime~tal work are 
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presented in Chapter 3. The results were that this radio-
meter can measure the long wave radiation from Sky with about 
13~ accuracy. This accuracy is low due to several estimations 
in the response of the radiometer. Measurements by this ra-
diometer during September and December 1973 showed a close 
relationship with Swinbank's formula 
= 
More measurements of finer accuracy are required to 
verify this finding. 
Calibration of the radiometer can increase the accuracy 
of the measurement by eliminating all the uncertainty in the 
response of the radiometer. 
Solar radiation was investigated briefly in Chapter IV 
which introduced the methods of measuring and estimating 
solar radiation on horizontal and inclined surface • Several 
particular radiation data for Christchurch were presented. 
Sources for more information were also located for further 
work in this direction. 
The application of solar energy to water heating was 
considered in Chapter V which concentrated particularly on 
Christchurch conditions. 
From tests carried out on a test panel during October, 
November and December 1973, conclusions on the performance 
of such a panel under Christchurch conditions were: 
The daily energy contribution varied from 0 to 5 KWh 
per m2 of collector plate area during the test period. 
Efficiency of operation (percentage of heat collected 
by water over the heat of solar radiation impinging on the 
heater surface) were from 40 to 60~. 
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Estimations based on the test results and others' 
findings suggest that a house in Christchurch requires about 
2 4 m of collector area to supply 60 gallons of hot water at 
60°C per day during summer period. Extra heating by other 
sources is required in winter time. 
Variation in angle of inclination thvoughout the year 
is suggested where possible to give maximum collection and 
more saving. 
With the increasing interest in solar water heating due 
to energy shortage this information may be useful for some 
applications. As far as the University is ~oncerned, this 
study is only a beginning for further research on the utili-
zation of solar energy in the coming years. 
In connection with this waten heating application, the 
whole year performance can be experimented to compare with 
the above estimations. Modifications of the flat plate col-
lector to produce steam at low pressure can be considered 
and methods for frost prevention are worth investigation. 
